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SYNOPSIS

Present thesis is focused on modifying the structural, electronic and photocatalytic 

properties of TiO2 and graphitic carbon nitride, g-C3N4 catalysts, with an aim to develop 

efficient visible light active catalyst for photocatalytic H2 generation. Different strategies 

were adopted to improve the catalytic activity and for those, appropriate synthetic procedures 

were followed to prepare the modified forms of TiO2 and g-C3N4, various techniques were 

applied to investigate the morphological and bulk properties of oxides/nitrides and finally 

photocatalytic hydrogen yield over all samples under different light sources (UV-visible, 

visible and sunlight) was evaluated. Performance of active photocatalysts was also observed 

in upscaled photoreactors under sunlight to explore their potential in actual application. 

Thesis is divided in nine chapters and content of each chapter is summarized below: 

Chapter-1 Introduction 

Considering limited resources, extensive use of fossil fuels and generation of harmful 

green house gases, search of alternate clean fuel has become a major research goal. Hydrogen 

fuel with a calorific value of 141.8 MJ/Kg (~3 times of gasoline), has potential to meet the 

972 revolutionized the 

world about the photosensitized decomposition of water into H2 and O2 using an 

electrochemical cell, led to extensive investigations by researchers worldwide on water 

splitting processes such as photocatalytic (PWS), photoelectrochemical or electrocatalytic. 

PWS is a simplest method in which photocatalyst absorbs light falling on it and then utilizes 

this light energy to split water to produce H2 and O2 [1, 2]. This method is very attractive for 

commercial production of H2 owing to its simplicity and scope of utilizing renewables such 

as solar energy and water in presence of suitable photocatalyst. PWS involves three steps (i) 

absorption of light by semiconductor photocatalyst and generation of electron and hole pair, 

(ii) separation and migration of charges to active centres on the surface (iii) reduction and 



xxii 
 

oxidation of water by photogenerated electron and hole to give H2 and O2 respectively [3]. 

Potential of many metal oxides, metal sulphides, niobates, oxynitrides, oxysulphides, 

titanates etc. as photocatalysts was explored [4-9]. Yet, the required efficiency was not 

achieved. Main factors which limit the actual application of sunlight driven PWS are low 

absorption of visible portion of sunlight, high recombination of photogenerated charge 

carriers and low stability of photocatalyst during reaction [10]. In the present thesis, studies 

were undertaken to improvise the optical and photocatalytic properties of several 

photocatalysts; conventionally known UV active TiO2 and novel organic semiconductor, 

graphitic carbon nitride (g-C3N4). Various strategies such as cationic doping by Cu in TiO2, 

composite formation with NiO and CuO inducing pn heterojunctions, carbon incorporation in 

bulk TiO2 (C@TiO2) to improve electronic conductivity, surface modification of g-C3N4 by 

dispersing carbon nanodots (CND) and noble metal ions (Pt, Pd, Au, Ag and Cu) were 

adopted to limit the e-/h+ recombination reaction and to enhance the photoresponse under 

visible light illumination. All samples were thoroughly characterized by relevant techniques 

and their potential for H2 generation was evaluated under sunlight and UV-visible light in 

presence of sacrificial reagent. Density functional theory calculations were performed and life 

time of e-/h+ from PL decay curves was measured to support the activity trend. In this chapter 

necessity of H2 economy, different methods of production of hydrogen, how photocatalytic 

H2 generation is advantageous over all other techniques of hydrogen generation and the 

problems confronted in achieving viable photocatalytic H2 generation will be addressed. A 

literature survey of the important results reported by other researchers in the field till date, for 

the development of photocatalyst will also be reviewed in this chapter. Aim and scope of the 

investigative studies undertaken are mentioned briefly. 
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Chapter-2 Instrumentation and Experimental Methods 

This chapter describes synthetic procedures adopted to prepare modified TiO2 and g-

C3N4 photocatalysts. Techniques used to investigate in detail the structural, electronic and 

morphological properties of photocatalyst were discussed. Instrumentation and working 

principle of all the techniques is briefly mentioned in this chapter. These techniques includes 

X-Ray Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), Raman 

Spectroscopy, Extended X-ray Absorption Fine Structure (EXAFS), Nuclear Magnetic 

Resonance Spectroscopy (NMR), Field Emission Scanning Electron Microscopy (FESEM)- 

Energy Dispersive X-ray (EDX), Transmission Electron Microscopy- Selected Area Electron 

Diffraction (TEM-SAED), X-ray Photoelectron Spectroscopy (XPS), N2 Brunauer-Emmett-

Teller (N2-BET) surface area, Diffuse Reflectance Spectroscopy (DRS), Photoluminescence 

Spectroscopy (PL) and Thermogravimetry- Differential Thermal Analysis- Evolved Gas 

Analysis (TG-DTA-EGA). Photocatalytic activity of photocatalyst for H2 generation was 

tested by illuminating it under different light sources such as UV-visible light, visible light 

and sunlight in presence of water and sacrificial reagent [11]. H2 yield was quantified by 

using gas chromatography coupled with thermal conductivity detector (TCD). The 

dependence of H2 yield on geometrical factors such as illumination area, form of catalyst 

(powder/films), catalyst concentration and different sacrificial reagents were investigated in 

up-scaled reactors. Their dimensions, capacities and images of upscaled pyrex reactors are 

given in this chapter.  

Chapter-3 Sunlight Driven Photocatalytic Hydrogen Generation over Cu Substituted 

TiO2 and Nano-composites of CuO-TiO2 Powders  

This chapter deals with the effect of cationic substituition over photocatalytic activity 

of TiO2. For this a series of Cu doped titania, CuxTi1-xO2-  (x= 0.0, 0.02, 0.06) and also, 

copper oxide-titanium oxide nanocomposites, xCuO-yTiO2 (x:y = 1:9, 2:8, 5:5) were 
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synthesized by sol-gel method and characterized by relevant techniques. These samples were 

thoroughly characterized by relevant instrumental techniques. The role of Cu ions in 

enhancement of photocatalytic evolution of H2 from H2O-methanol/ glycerol mixtures in both 

sunlight and UV-visible irradiation over Cu/Ti oxides was investigated. For sunlight assisted 

photocatalytic H2 generation maximum activity was found over Cu0.02Ti0.98O2-  for the doped 

samples, referred to as CuTi(2), and xCuO-yTiO2(x:y = 2:8) for the composite samples. 

Stabilization of anatase phase after incorporation of Cu, lengthening of Ti-O bonds, decrease 

in co-ordination number around Cu ions 

lattice (from EXAFS), increased absorption of light in doped and composite samples as 

compared to pristine sample, enhanced N2-BET surface area and microporosity and in situ 

conversion of Cu+2 to photocatalytically more active Cu+1 state (revealed by XPS) during 

illumination results into enhancement of H2 yield of both doped as well as composite 

samples.  

Chapter-4 Investigations of Catalytic Properties of pn NiO:TiO2 Composites: 

Facilitation of Charge Separation, VBO/CBO Estimation with Type-II Band Alignment 

at Heterojunctions  

 Another strategy adopted to enhance the photocatalytic property of TiO2 is the 

formation of pn junction at the interface of p-type NiO and n-type TiO2 semiconductor. This 

chapter includes synthesis of nanocomposites, characterization and evaluation of 

photocatalytic activity under different light sources. NiO-TiO2 in (1:1) and (0.35:0.65) molar 

ratios referred as NTC11 and NTC36 respectively, NiTiO3 and TiO2 samples were 

synthesized through sol-gel method. NiO-TiO2 composite shows presence of NiO and TiO2 

phase along with NiTiO3 phase. With the emergence of NiTiO3 phase decrease in 

photocatalytic activity was observed. As presence of NiTiO3 may act as a barrier to effective 

pathway of charge carriers through pn junction. Synthesis conditions, calcination temperature 
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and phase compositions were very critical and played an essential role in determining the 

overall hydrogen yield. Among all the samples NTC11 has shown maximum H2 generation. 

To further improve the activity 1% w/w Pt was loaded over NTC11 which has shown 

photocatalytic hydrogen yield @ 0.6 l/h/m2 with apparent quantum efficiency (AQE) of 5.4 

% and solar fuel efficiency (SFE) of 0.8 % under sunlight and 1.4 l/h/m2 with AQE of 7.8 % 

under UV-visible irradiation along with evolution of bubbles was observed. Sustainable H2 

production was observed for 60 h under sunlight illumination over Pt/NTC11 and NTC11. To 

understand the band alignment at the interface of p-type NiO and n-type TiO2, valence band 

offset (VBO, Ev) and conduction band offset (CBO, Ec) at NiO and TiO2 heterojunction 

was calculated. Thus, a composite of pn oxides offer lower band gap energy of 2.67 eV as 

compared to both pure oxides TiO2 and NiO with effectiveness in charge separation across 

the pn junction leading to efficient improved photocatalyst. Uniform distribution of NiO and 

TiO2 in NTC11 seen by HAADF-STEM (High angle annular dark field- scanning 

transmission electron microscopy), minimum amount of NiTiO3 phase, change in the band 

alignment at the interface of heterojunction and enhanced surface area, light absorption 

properties and life time of charge carriers has shown positive effect on the photocatalytic 

activity of NTC11. 

Chapter-5 Synthesis, Characterization and Photocatalytic Properties of C@TiO2 

Composites (Carbon = 0.14 - 14.7 Wt %)  

 To overcome the disadvantages of TiO2, such as limited absorption of sunlight and 

high rate of e- /h+ recombination, TiO2 was decorated with carbon. Incorporation of C has 

certain advantages such as enhanced absorption of visible light, high adsorptivity, high 

photocatalytic activity. Hence, it is assumed that C@TiO2 may be an active photocatalyst for 

photocatalytic H2 generation. This chapter deals with synthesis of C@TiO2 composites by 

varying carbon content from 0.14- 14.7 wt%, characterization and evaluation of 
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photocatalytic activity under sunlight and UV-visible light. Samples were synthesized by 

using ethylene glycol and tetrabutyltitanate to form an organic- inorganic polymer which on 

calcination in inert atmosphere gives C and TiO2 composite. For comparison, pristine TiO2 

were also synthesized by annealing the polymers in air at 500oC for 6 h. The bulk properties 

of composite powders so obtained were characterized using X-ray diffraction (XRD), Fourier 

transform infrared (FTIR) and Raman spectroscopy. Nature of bonding and local 

environment around Ti atom was probed using EXAFS. Surface speciation was carried out 

using X-ray photoelectron spectroscopy (XPS). Carbon content present in each sample was 

estimated using carbon-sulphur analyser. Thermogravimetry hyphenated with evolved gas 

analyser (IR detector) was used to characterize the C-TiO2 composites for their thermal 

behaviour in air upto 1000°C and identification of gases liberated at different temperatures. 

All the C-TiO2 samples shows enhanced light absorption in visible region as compared to 

pristine TiO2 sample. Presence of carbon prevents agglomeration of TiO2 particles evident by 

the broadening of XRD peak. Structural characterization of carbon was done by using Raman 

spectroscopy which shows presence of D and G band characteristics of sp2 hybridized carbon 

and graphite like arrangement. Among all the samples maximum activity with H2 evolution 

rate of 893 µmol/h/g was observed over C@TiO2 EG20 having carbon content of 3.8 wt% 

which is ~ 4 times higher than the rate observed over pristine TiO2 under UV-Visible 

illumination. On further increase in carbon content beyond 3.8 wt% decreases in activity was 

observed as increase in carbon content may blocks the light reaching towards 

photocatalytically active TiO2. To further enhance the activity of C@TiO2 EG20, 1% w/w Pt 

was photodeposited over the C@TiO2 EG20 sample. The rate of H2 generation observed was 

7689.5 µmol/h/g and 2721.6 µmol/h/g under UV-Visible and sunlight illumination 

respectively. Almost constant H2 evolution was observed after irradiating the sample under 

sunlight illumination for 32 h. Enhanced photocatalytic activity of C@TiO2EG20 as 
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compared to pristine TiO2 can be attributed to improved light penetration, absorption 

properties and high surface area.  

Chapter-6 Performance of Most Active Photocatalyst, Cu0.02Ti0.98O2-  in Upscaled 

Photoreactors under Sunlight. 

As mentioned in above chapters TiO2 was modified by doping with cation like Cu, 

forming pn junction at the interface and composite formation with carbon. Among all the 

modified TiO2 photocatalyst, Cu0.02Ti0.98O2-  (referred as CuTi(2)) was found to be most 

active under sunlight illumination in absence of cocatalyst. This chapter deals with 

optimization of experimental parameters and performance evaluation of CuTi(2) for H2 

generation in upscaled reactor under sunlight illumination. Effect of photocatalyst loadings, 

form of catalyst (powder/films), concentration of sacrificial reagent, replacement of methanol 

by industrial waste glycerol, role of different configuration of light source with reactor, 

stirring during the photocatalytic reaction, fluctuations of solar flux at hourly basis and 

illumination area were studied. The effect of each factor on hydrogen yield was quantified. It 

was observed that in addition to catalyst loadings and sacrificial reagent, improved dispersion 

of photocatalyst obtained by stirring the reaction mixture in horizontal geometry resulted in 

enhanced H2 yield. With an aim to identify practical materials for pilot plants, 6 mg of 

CuTi(2) was spread over (30 cm x 0.7 cm) ITO/PET films by Doctor blade technique 

exhibited enhanced efficiency (3.06 %) as compared to same amount of CuTi(2) powder 

(1.41 %). Also the experiment was carried out under sunlight in a reactor having capacity of 

~2L. The results illustrate that by optimizing operational conditions under sunlight, it is 

possible to generate H2 @ 1.167 L/h/m2 with apparent quantum efficiency, AQE, of 7.5 % 

and solar to fuel efficiency, SFE, of 3.9 %. From the above results it is concluded that H2 at 1 

L/h would be evolved photocatalytically over 0.9 m2 of CuTi(2) photocatalyst, exposed to 

sunlight.  
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Chapter-7 g-C3N4 Decorated with Pt and Carbon Nanodots for Photocatalytic H2 

Generation  

g-C3N4 having a band gap of 2.7 eV, fulfills the required thermodynamic criteria for 

water splitting. It is a suitable visible light photocatalyst due to its unique two-dimensional 

structure, excellent chemical stability and tunable electronic structure [12, 13]. However 

photocatalytic activity of pure g-C3N4 is constrained due to high recombination rate of 

photogenerated electron and hole pair and low utilization of visible light. To modify the 

photocatalytic properties of g-C3N4, it was decorated with Pt metal and carbon nanodots 

(CND) separately and in combination.  Pristine g-C3N4 was synthesized by thermal pyrolysis 

of urea at 550°C for 3h in air. Electrochemical corrosion of graphite rods at 30 V for 120 h 

was performed, followed by centrifugation and hydrothermal treatment with ammonia to 

obtain 4-7 nm sized CND. Graphitic nature of g-C3N4 and presence of CND was established 

by relevant techniques. XRD and FTIR spectra were recorded to get insight into structural 

details. Carbon nanodots (CND) have enhanced the photocatalytic properties of g-C3N4 

evident by increased photocatalytic H2 yield under UV-visible and sunlight as compared to 

pristine sample. Rate of H2 evolution from pure water as well as in presence of 10% (v/v) 

triethanolamine (as sacrificial reagent) over different carbon nitride samples under sunlight 

and UV-visible illumination was evaluated. Pristine g-C3N4 has not shown any activity under 

similar conditions whereas, CND/g-C3N4 was found to be active. Total yields of H2 and O2 

obtained was 132 moles/g and 84.6 moles/g respectively over CND/g-C3N4 (0.67 wt%) for 

20 h from direct water splitting. To further enhance the photocatalytic activity Pt was 

photodeposited over the sample. Highest H2 yield @ 398.28 mol/h was observed over 

Pt/CND/g-C3N4 (0.48 wt%) with AQE of 4.8 % and SFE of 2.4 %.  
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Chapter-8 Role of Metal (M = Pt, Pd, Au, Ag and Cu) Dispersion in Improvement of 

Photocatalytic Properties of g-C3N4.  

The properties of g-C3N4 can be modified by forming Schottky junctions created by 

metal/g-C3N4 heterostructures. This chapter describes the synthesis, characterization and 

improvement in photocatalytic properties of g-C3N4 after different metals were dispersed on 

its surface. g-C3N4 was synthesized by heating urea at 550°C for 3h. 3% w/w Pt, Ag, Au, Cu 

and Pd was deposited over g-C3N4 by photodeposition method using H2PtCl6.6H2O, AgNO3, 

H2AuCl4, CuSO4 and PdCl2 as metal precursors respectively. Samples were characterized by 

relevant techniques and photocatalytic activity was evaluated under UV-Visible and sunlight 

irradiation in presence of water and triethanolamine as sacrificial reagent. DRS spectrum of 

metal/g-C3N4 shows extended absorption in the visible region as compared to pristine sample 

due to surface plasmon resonance effect (SPR) of metal. Photoluminescence spectra shows 

presence of metal decreases the recombination of photogenerated charge carrier. g-C3N4 has 

not shown any activity under sunlight irradiation whereas metal deposited sample has shown 

enhanced H2 yield. Following order for photocatalytic H2 generation was observed under 

sunlight illumination over 80 mg of photocatalyst: Pt/g-C3N4 > Pd/g-C3N4 > Au/g-C3N4 > 

Ag/g-C3N4 > Cu/g-C3N4 ~ g-C3N4. Under sunlight, H2 evolution @ 234 mol/h observed over 

Pt/g-C3N4 as compared to inactive pristine g-C3N4. Formation of Schottky barrier assist the 

separation of photogenerated charge carrier and surface plasmon resonance effect helps in 

absorption of visible light both these factors results into enhancement of H2 yield over 

metal/g-C3N4 sample.  

Chapter-9 Conclusion and Future Scope 

This chapter includes the outcome of all the studies and the scope for the future work. 

Substitution of transition metal ions at cationic site in TiO2 lattice and composite formation 

with TiO2 or g-C3N4 were strategies adopted to enhance the harvesting of visible light and 
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lowering the rate of recombination reaction. Excess of amount of dopant may acts as a 

recombination centre hence it is necessary to optimize the dopant concentration. In order to 

utilize sunlight properly illumination area, proper dispersion of catalyst and proper design of 

photoreactor is required. Inputs obtained from the present study will be useful to further scale 

up of sunlight driven photocatalytic H2 production. All the photocatalysts synthesized here 

are visible light active as well as stable for long term activity, hence these photocatalyst can 

be further explore for energy and environment related reactions like conversion of CO2 into 

methanol or methane or environmental remediation.  
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1 Chapter-1                                                                  

Introduction 

 

Energy and environment are two important factors which are of concern to human 

Even today fossil fuels are major source of energy which is non renewable. Their limited 

resources as well as its negative impact on environment after its combustion forces the 

scientific community to search for a sustainable energy and technology based on it. The main 

theme of the thesis is the development of a suitable photocatalyst for the production of 

hydrogen from renewable sources such as solar energy and water.  

In this chapter, the thrust for the development of renewable and clean fuels and 

adverse effects of conventional non-renewable energy sources, different ways to utilize solar 

energy- which is the most abundant source of energy on earth - and conversion of solar 

energy into carbon free fuel such as hydrogen is introduced. The different methods for 

hydrogen generation by using solar energy and how photocatalytic water splitting is most 

promising approach for commercializing hydrogen production are described briefly in this 

chapter. Role of heterogeneous catalyst in the water splitting reaction, problems encountered 

during the reaction and the review of research done till date to bring the water splitting 

reaction into reality is also revealed here.  

1.1 Need for development of renewable and clean fuels 

1.1.1 Energy crises 

Energy is a backbone of growing economy. According to BP Energy Outlook the 

global consumption of energy is 13147 Mtoe (million tonnes of oil equivalent) in 2015 and 
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increases to 17157 Mtoe in 2035 [1]. India is the second largest energy consumer in Asia and 

 % per year by 2035 which is 

faster than the major economies in the world. Growing economy and exploding population 

are the reasons behind the rapid increase in energy demand. In India, most of the energy is 

derived from fossil fuels and it is predicted that its dominance will increase in future. To 

satisfy the energy requirement, India is importing fossil fuels. In 2013, it imported 255.3 

Mtoe of primary energy which shares for 42.9 % of total primary energy consumption. It is 

predicted that by 2030, total energy imports may become 53 % of primary energy 

consumption [2]. Thus growing country like India needs to focus on development of 

renewable and nonconventional sources which can fulfil its need for energy. 

1.1.2 Generation of green house gases and its impact on environment   

Pollution and global warming caused due to burning of fossil fuels is a major concern 

as its partial or complete combustion generates harmful and toxic gases CO, CO2, SO2, NOx, 

CxHy etc. Combustion of coal and natural gasses produces 430 and 190 g of CO2/kWh [3]. 

Human activity generates 6 billion tons of CO2 annually [4]. At the time of industrial 

revolution in 1750, CO2 concentration in the atmosphere was 280 ppm which has increased to 

404 ppm in 2017 [5]. CO2 is known as GHG (green house gas) as it absorbs and emits 

radiations in the thermal infrared region. Recently it is predicted that if the CO2 generation by 

burning of fossil fuel continues with the present rate, then global warming will rise to 2 °C by 

2036, crossing a threshold which will affect the ecosystem, biodiversity and living of people. 

To evade this threshold CO2 concentration must be below 405 ppm [6]. Fig. 1.1 shows how 

global temperature increases with increase in CO2 concentration [7]. 
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Therefore it is needed to replace fossil fuels with sustainable, renewable and 

environment friendly fuel to overcome the scarcity of fossil fuel and its harmful impact on 

environment after its burning.  

 

Fig. 1.1 Increase in CO2 concentration correlated with rising temperature from 1880 to 2016. 

1.2 A sustainable energy: Solar energy 

Sunlight is a primary source of energy on the earth and it is free, abundantly available 

and renewable. Fig. 1.2 shows solar irradiance spectrum [8]. Sunlight consist of ~4 % UV 

region, 45-48 % of visible light and remaining is IR region. 

 

Fig. 1.2 Solar irradiance spectrum above atmosphere and at sea level. 
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Solar energy can be converted to thermal and electrical energy using clean technology 

to minimize the GHG (green house gases) emission. Solar energy falling on the Earth is 

130,000 TW which is approximately four orders of 

demand [9]. Even utilization of all the energy falling on the earth only for half an hour can 

[10]. The International Energy Agency 

while CO2 [11].  

India is a tropical country and sunlight is available in abundant amount around 9 

energy demand. India receives 200 MW/km2 (megawatt per kilometre square) average 

intensity of solar light [12]. If 0.04 x 106 km2 area is used then available solar energy will be 

8 x 106 MW equal to 5909 Mtoe (million tonnes of oil equivalent) per year [12] which is far 

more than the total primary energy consumption of India which was 723.9 Mtoe in 2016 [13]. 

Hence solar energy is a viable option to reduce dependence on fossil fuels and global 

warming.  

However, sunlight is intermittent in nature. Its availability depends on time, season 

and geographical position. There are many ways to harvest solar light. One of them is by 

photovoltaic cell which converts radiant energy into electricity. Currently photovoltaic cells 

with 46 % efficiencies were developed [14]. But the energy produced by PV cells is 

expensive as compared to that from the petroleum products as well as its transport to remote 

area is difficult [15]. Therefore, it is advantageous to store this light energy into some 

chemical form such as hydrogen, which can be used as a readily available fuel for vehicle and 

other appliances.  
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1.3 Solar fuel - Hydrogen 

Photosynthesis is a natural process by which plants harvest sunlight and convert it 

into chemical energy such as carbohydrates. Similarly, solar energy can be converted into 

chemical energy like hydrogen. H2 has a high calorific value (141.8 kJ/g) compared to other 

fuels such as gasoline (40 kJ/g). Therefore, it is an attractive and clean fuel compared to other 

fuels as after combustion it gives only water. It is most abundant element on the earth in the 

form of water, biomass etc. It does not occur in pure form in nature therefore it need to be 

produced from compounds containing hydrogen. Hence, it is an energy carrier or storage 

medium and not an energy source as a coal. H2 gas can be stored and transported. With the 

help of fuel cell it can be burned to give electricity which can be utilized to run automobiles. 

H2 can also be utilized in modern chemical industry for Haber process, space application, 

recycling of CO2 in Fischer-Tropsch reaction, production of methanol etc. [16]. About 9 

million tons of hydrogen per year is produced by US hydrogen industry to use for chemical 

production, petroleum refining and electrical applications [17]. In India, H2 is produced 

commercially for use in fertilizer industry, oil refineries and chemical industry. H2 can be a 

boon to India which is immensely dependent on imported petroleum products to satisfy its 

energy need. 

1.4 Hydrogen production methods 

1.4.1 Methods for production of commercial hydrogen 

2 production is from fossil fuels and 4 % by electrolysis of water. 

Commercially H2 is produced by application of heat through steam reforming or coal 

gasification of fossil fuel and listed in Table 1.1. Cost of H2 production using fossil fuel is 

$0.75/kg for steam reforming, $0.92/kg for coal gasification and $0.85/kg for plasma arc 

decomposition [18]. However, these processes use non renewable sources as well as produce 
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CO2. The scarcity of fossil fuels will make the production of H2 more expensive in near 

future. Also H2 can be produced by electrolysis of water but this is an expensive way of 

hydrogen production as the energy required for its production is more than that could have 

been generated after its burning. Hence from environmental perspective, it will be beneficial 

to produce hydrogen from renewable energy sources. 

Table 1.1 List of methods for commercial production of H2  

Sr 
No. 

H2 production route Process 

1 Steam reforming 
Fossil fuel reacts with steam at high temperature to give 

hydrogen; 
 

2 Coal gassification 
Fossil fuel reacts with controlled amount of oxygen gas 

and steam to give hydrogen; 
 

3 
Plasma arc 

decomposition 
Cleaned natural gas is passed through plasma arc to 

generate H2 and carbon soot 

4 Electrolysis of water 
Direct current is used to split water into O2 and H2 

(electrochemical reaction) 
 

1.4.2 Production of H2 from renewable source - solar energy and water 

Water can be a source of H2 as a molecule of water contains two atoms of hydrogen 

and one atom of oxygen. It can be split using following equation:  

     = 1.23 V                                                         .....1.1 

    = 0 V                                                                                      .....1.2 

Overall reaction: 

= -1.23 V, = -285.71 kJ/mol                         .....1.3 

Number of electron (n) involved in the reaction is two. Therefore, change in Gibbs free 

energy required can be given as follows: 

= -nF =237 kJ/mol                                                                                              .....1.4 
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Equation 1.4 deduced that splitting of water is accompanied with positive change in 

Gibbs free energy. Hence energy needs to be supplied as it is an endothermic reaction at 298 

K. To split water, temperature greater than 2500 K is required at atmospheric pressure [19]. 

This energy required to break water can be extracted from solar light. Following are the 

methods which can be used to split water using solar energy.   

a. Thermochemical water splitting [20]: It involves series of chemical reaction above the 

room temperature to split water into H2 and O2.  

b. Photobiological water splitting [21]: It categorises into two groups one is organic 

biophotolysis it involves decomposition of organic waste to give H2 and CO2. Other 

method is water biophotolysis in this bacteria and green algae splits water into H2 and O2 

with the help of special enzyme in presence of light. 

c. Photocatalytic water splitting (PC) [22]: Splits water using solar energy harvested by 

powdered photocatalyst to produce H2. 

d. Photoelectrochemical water splitting (PEC) [23]: Solar energy absorbed by 

photoresponsive cathode or anode or both is utilized to bring electrolysis of water.  

Among all these techniques PC has gain much attraction as this requires only water, 

solar light and powdered photocatalyst to convert solar energy into chemical energy. Using 

this process water can be split at room temperature to produce H2. Only drawback PC suffers 

is that the H2 and O2 produce in a single chamber. The mixture can be explosive if not 

separated. Hence, need to design a reactor where H2 and O2 will get separate once they 

formed. The cost of separation lowers the overall efficiency of water splitting process [24]. 

Nonetheless PC can be used for commercial solar hydrogen production - a promising way to 

achieve hydrogen economy.  

In hydrogen economy, it was envisioned that hydrogen can be a prospective candidate 

to replace fossil fuels. H2 can be produced by photocatalytic water splitting using solar 
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energy absorbed by photocatalyst and stored into hydrogen storage material. This stored H2

can be taken to the required site for its utilization or feed into fuel cell to produce electricity. 

The product water can be recycled back to give hydrogen by employing solar energy. This is 

a clean way of conversion of solar energy into chemical form which can be further converted 

into electricity or can be used as fuel. Fig. 1.3 shows the overall process of conversion of 

solar energy into chemical energy such as H2 which is a renewable and storable energy 

carrier. 

 

Fig. 1.3 Harvesting solar energy by photocatalytic water splitting for H2 production, storage 
and fuel cell application.  

1.5 Photocatalytic water splitting 

Photocatalytic water splitting is a chemical reaction to split water into H2 and O2 

using solar energy captured by a photocatalyst. This reaction is similar to photosynthesis by 

green plants hence referred as artificial photosynthesis [22]. Bard referred photocatalytic 

[25]. 

In 1874 the concept of solar splitting of water into H2 and O2 was envisaged by Verne 

[26] who referred water as future coal. In 1912 Ciamicin [27]  proposed the use of solar 

energy for various photochemical reactions such as catalytic conversion of water and CO2 

into oxygen and methane and other endo-energetic processes. First time in 1968, light 

assisted oxygen evolution was reported over semiconductor n-type TiO2 (rutile) electrode by 
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Boddy [28]. After this in 1972 Fujishima and Honda first time demonstrated water splitting 

by shining light on n- type TiO2 (rutile) electrode [29]. When light shines on TiO2 electrode, 

electrons and holes are produced. These electrons travels to the Pt counter electrode and 

reduce water to produce H2. The holes on the TiO2 electrode oxidized water to give O2.  

1.6 Photocatalyst 

Catalyst enhances the rate of reaction by lowering the activation energy of reaction. 

 Catalytic 

reactions plays important role in many industrial as well as natural processes. Catalyst 

technology is backbone of chemical industries as around 90 % of chemical reactions in 

industries depend on the catalyst. In many metabolic processes of plants and animals, catalyst 

is playing an important role. Catalyst can be classified as homogeneous catalyst and 

heterogeneous catalyst. Homogeneous catalysis is the process where phase of reactant and 

catalyst is the same whereas in heterogeneous catalysis, catalyst and reactant are in different 

phases and reaction takes place at the interface of two phases [30].  

Photocatalyst plays key role in photocatalytic reactions. It is composed of two words 

The difference between photocatalyst and thermal catalyst is that 

former is activated by absorption of photon whereas latter is acivated by heat energy [31]. 

Chlorophyll in plant is an example of natural photocatalyst. It absorbs light and converts 

water and carbon dioxide into O2 and glucose. lyst able 

to produce, upon absorption of light, chemical transformations of the reaction partners. The 

excited state of the photocatalyst repeatedly interacts with the reaction partners forming 

reaction intermediates and regenerates itself after each cycle [32].  

Photocatalytic water splitting can be performed using homogeneous as well as 

heterogeneous catalyst. Heterogeneous catalyst is advantageous as compared to homogeneous 
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catalyst. As in heterogeneous photocatalysis separation and reuse of catalyst is easy and 

cheap as compared to homogeneous catalysis. Also energy is consumed to recover 

homogeneous catalyst from the reaction medium or it may get deactivate during recovery 

process. Heterogeneous photocatalysts are thermally stable whereas most of the 

homogeneous photocatalysts are thermally unstable. Also oxidation of water to give oxygen 

is a 4e- process which is difficult in homogenous catalysis [22]. In last 4 decades many books 

as well as review articles are published on water splitting using heterogeneous catalyst  

[16,24,33 39].  

Semiconductors are potential photocatalyst because of their suitable optical and 

electronic properties. In semiconductors valence band is completely filled while conduction 

band is partially filled or completely empty band. This valence band and conduction band is 

well separated by the forbidden gap called band gap. Some external energy like light, thermal 

etc equal to or greater than band gap energy is needed to promote the electron from valence 

band to conduction band by leaving a hole in the valence band. This band gap energy is 

different for different semiconductors. Hence semiconductors are useful for trapping of 

light/thermal energy. The electrons and holes generated can be utilized further to reduce and 

oxidize water respectively. This redox reaction is similar to electrolysis. Thus powdered 

semiconductor photocatalyst is a miniature photoelectrochemical cell as each particle acts as 

a tiny electrochemical cell [24]. The detailed procedure of water splitting using 

semiconductor photocatalyst is described below. 

1.7 Processes involved in photocatalytic water splitting 

The steps involved during photocatalytic water splitting are shown in Fig. 1.4. The 

first step is absorption of light by the semiconductor photocatalyst to produce e-/h+ pairs. 

When the light possessing energy greater than the band gap falls on semiconductor, electrons 

from the valence band get excited to the conduction band by leaving behind a hole in valence 
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band. The second step is the separation and migration of photogenerated e-/h+ to the surface 

active sites. The electron and hole should not recombine back to release energy in the form of 

unproductive heat or photons. Third step is reduction of water by electron to H2 and oxidation 

of water by hole to O2.  

 

Fig. 1.4 Steps involved during photocatalytic water splitting using semiconductor 
photocatalyst.  

1.8 Targets for commercialization of water splitting  

Apparent quantum efficiency (AQE, ): If experimental parameters such as type of light 

source, reaction cell are different then it is difficult to compare the H2 yield from lab to lab. 

Hence, determination of quantum efficiency is important. Quantum efficiency is a ratio of 

number of electrons produced to the number of photons absorbed by the system. However, it 

is difficult to determine the number of photons absorbed by the photocatalyst but it is 

possible to determine the number of photons falling on it by luxmeter. Hence the determined 

quantum efficiency is the apparent quantum efficiency (AQE, ) [40]. AQE is always smaller 

than the real QE because it takes into account only the incident photons which are higher in 

number than the absorbed photons. AQE ( ) is calculated by using following equation.   
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Where, N is number of photons falling on the system.

Solar to fuel efficiency (SFE): Another way to calculate efficiency of photocatalyst for the 

solar water splitting reaction is given by solar to fuel efficiency (SFE) in sunlight is 

calculated using following formula: 

                                                                                                      ....1.6 

Where rH2 is the rate of hydrogen generation ( mol/h), Psun energy flux of solar light (W/m2) 

measured as mentioned above and S is the area of the reactor (m2). 

For practical application, target is 30 % AQE at 600 nm which corresponds to 5% of 

solar energy conversion [22]. With the achievement of SFE of 5 % solar photocatalytic H2 

generation can be produced at the cost of $2.3/kg which can fulfil the targets of U.S. 

Department of Energy (DOE) to generate H2 at the cost of $2 to $4/kg [41]. SFE of 10 % can 

provide H2 at the cost of $1.63/kg which is comparable to the cost of gasoline [42].  

1.9 Criterion for selection of photocatalyst 

Photocatalyst should satisfy the following criterion for practical application. 

a. Semiconductor photocatalyst must satisfy the thermodynamic criterion for 

water splitting. The bottom of the conduction band must be more negative than the reduction 

potential of water (0 V vs. NHE at pH= 0) and top of the valence band must be more positive 

than the oxidation potential of water (1.23 V vs. NHE at pH= 0). Therefore, the minimum 

band gap required to bring the overall water splitting is 1.23 eV which corresponds to the 

wavelength ~ 1100 nm. However, there is a barrier that electron need to overcome during the 

charge transfer process between photocatalyst and water molecules. Hence, energy greater 

than 1.23 eV is needed to drive the reaction. A photocatalyst having a band gap around 2 eV 

is preferred. This energy corresponds to wavelength in visible region. Hence, it is possible to 

carry out reaction using solar energy. 
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b. Photocatalyst must be active under sunlight for practical application. As 

mentioned above sunlight consists of ~4 % UV region and ~45-48 % of visible light. The 

band gap must be below 3 eV for the utilization of sunlight spectrum efficiently. 

c. To increase the efficiency of reaction, electron and hole pair transfer rate must 

be faster than the rate of recombination.  

d. Photocatalyst must be stable towards light during the reaction and it should not 

undergo photocorrosion. 

e. It should not promote back reactions on the surface. Surface back reaction 

occurs over the photocatalyst surface where H2, O2 and intermediates formed during the 

reaction may recombine back to give water.  

From the above discussion it is important to design a photocatalyst with maximum visible 

light absorption, low rate of recombination and long term photostability for the reaction. 

1.10 Semiconductor as photocatalyst 

Many semiconductors have been investigated for their ability to split water under light 

illumination. Around 190 phases were tested as potential photocatalyst till date [39,43]. Metal 

oxides, metal sulfides, metal nitrides, metal oxynitrides and metal-free catalysts are 

promising catalytic systems for photocatalytic water splitting.  

1.10.1 Metal oxides 

Transition metal oxides are semiconductors and are well known for their catalytic and 

semiconducting properties. They are stable due to high electronegativity of oxygen atom. 

Based on metal electronic configuration, transition metal oxides are classified as metal ions 

with d0 and d10 electronic configuration. 

In metal oxides valence band mainly consist of oxygen 2p orbital. Hence the upper 

level of valence band is located around 3 V (vs NHE, at pH= 0) for most of the metal oxides. 
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To split water the lower level of conduction band has to be more negative than the H+/H2 (0 

V vs NHE, at pH=0) level. Hence most of the metal oxides has band gap more than 3 eV 

[44].  

If alkali (Li, Na, K, Rb, Cs), alkaline earth (Be, Mg, Ca, Sr, Ba) and some lanthanide 

(La, Nd, Sm, Pr) ions are used as a component of the photocatalyst, then they merely build 

the crystal structure and do not directly contribute to the band formation e.g. A site cations in 

ABO3 pervoskite [22]. 

In d0 electronic configuration, outermost empty d orbitals of metal cation mainly 

construct conduction band. Oxides having d0 metal cation includes TiO2, ZrO2, WO3, Ta2O5, 

Nb2O5 oxides [22]. Pervoskites like SrTiO3 [45], NaTaO3 [46] and layered pervoskites such 

as A2La2Ti3O10 (A = K, Rb, Cs) [47], Ba5Nb4O15 [48] shows pure water splitting activity in 

presence of NiO, some hexatitanates with rectangular tunnel structure such as A2Ti6O13  (A = 

Na, K, Rb, Cs) [49] shows decomposition of water in presence of RuO2. Layered structure 

such as K4Nb6O17 [50] and K2La2Ti3O10 [51] shows high activity as this layered structure 

provides different sites for H2 and O2 evolution and thus helps in preventing back reaction on 

the surface [52].  

In d10 electronic configuration, hybridized orbitals of empty s and p orbitals of metal 

cation predominantly forms conduction band. In d10 metal oxides conduction band is 

composed of mainly sp hybridized orbitals with large dispersion. This offers high mobility to 

photogenerated electron in the conduction band and thus useful for photocatalytic reactions 

[53]. d10 metal oxides includes In2O3, Ga2O3, GeO2, SnO2, Sb2O5, ZnO [22,54,55]. Among 

them ZnO and In2O3 are well known photocatalyst but they are not active for water splitting 

due to photocorossion and low conduction band level respectively [22]. Different kinds of 

indates, gallates, germinate, antimonates and stannates were studied for water splitting 

reaction [56 62]. 
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Except the d0 and d10 metal oxides, photocatalytic activity of some of the transition 

metals were also evaluated. CoO (d7 electronic configuration) nanoparticles synthesized by 

two different methods femtosecond laser ablation and ball milling. This nanoparticles 

exhibited pure water splitting with SFE conversion efficiency of 5 %, without loading of 

cocatalyst. But the stability of CoO nanoparticle was poor is the major drawback as it 

becomes deactivated after one hour of illumination [63]. Various other conventional 

semiconductors such as Fe2O3 and BiVO4 have been examined with their ability to modify 

visible light response of photocatalyst. However, they show conduction band level lower than 

reduction potential of water hence incapable for hydrogen generation.  

1.10.1.1 TiO2 

Among metal oxides TiO2 is a promising catalyst for commercial production of H2. 

As many metal oxides shows slight solubility in water, some ternary oxides shows poor 

stability due to leaching of alkali and alkaline earth component into reaction media and 

sulphides shows poor stability as they undergo photocorrosion during the reaction [34]. 

Excellent stability of TiO2 is one of the reasons for its extensive use as photocatalyst. Along 

with stability it shows suitable optical and electronic properties, stable to wide range of pH, 

non-toxic and low cost. It exists in three phases: brookite (orthorhombic), anatase (tetragonal) 

and rutile (tetragonal) phase and their properties are tabulated in Table 1.2.  

Table 1.2 Properties of TiO2 polymorph [64]  

Properties Rutile Anatase Brookite 
Crystal structure tetragonal tetragonal Orthorhombic 

Lattice constant (Å) 
a = 4.5936 
c =2.9587 

a = 3.784 
c = 9.515 

a = 9.184 
b = 5.447 
c = 5.154 

Space group 
 

P42/mnm I41/amd Pbca 

Molecule (cell) 2 2 4 
Volume/ molecule 

(Å3) 
31.2160 34.061 32.172 

Density (g/cm3) 4.13 3.79 3.99 
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Ti O bond length (Å)
1.949 (4) 
1.980 (2) 

1.937(4) 
1.965(2) 

1.87 2.04

O Ti O bond angle 
81.2° 
90.0° 

77.7° 
92.6° 

77.0° 105° 

Band gap 3.02 3.2 2.96 

 In anatase TiO2, the distortion of the TiO6 octahedron is more as compared to rutile 

phase. Distorted and open structures are more flexible for the transfer of electron. The 

electronic properties of TiO2 are well studied where distorted tetragonal lattice imparts 

favourable photocatalytic properties to anatase TiO2 [65]. Anatase phase is most active than 

the rutile phase because of more negative conduction band edge position, lower rate of charge 

recombination, lower capacity to adsorb oxygen and higher degree of hydroxylation [66,67].  

Although having favourable properties for water splitting, its photocatalytic activity is 

low in sunlight due to inability to absorb visible light and the fast recombination of 

photogenerated electron and hole pair. Different methods were adopted to improve the 

photocatalytic activity of TiO2 are discussed later. 

As explained above most of the metal oxides have band gap more than 3 eV hence 

rendered it unfit for splitting of water under sunlight illumination. Low electron-hole pair 

mobility and their poor lifetime constrain the activity of metal oxides [42]. Therefore, there is 

a need to develop a visible light active photocatalyst. 

1.10.2 Non-oxide photocatalyst 

To overcome the limitations of oxide material, non oxides like sulphides, nitrides 

were proposed as their valence band is composed of S 3p and N 2p orbital which are higher 

in energy as compared to their analogues metal oxide. These include oxynitrides, 

oxysulphides, sulphides, nitrides of metal having d0 and d10 electronic configuration. 

CdS [68], ZnS [69] and CdSe [70] are studied as photocatalyst for H2 generation. CdS 

is visible light active catalyst and shows absorption upto 520 nm. But its major drawback is 
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self oxidation by holes during irradiation. In this S2- in CdS gets oxidized by photogenerated 

hole results into elution of Cd2+ as shown in equation. 

                                                                                                .....1.7 

Metal oxynitrides shows lower band gap and may show properties of both oxides and 

nitrides. Metal oxynitride such as TaON [71], (Ga(1-x)Znx)(O(1-x)Nx) [72] were studied for 

splitting of water.  

2p orbital of nitrogen has higher energy in nitrides as compared to the analogous 

orbitals of oxygen in metal oxide [73]. Nitrides such as Ge3N4 [74], Ta3N5 [75], g-C3N4 [76] 

are studied as photocatalyst. Usually nitrides suffer from poor stability and they cannot be 

used for long term photocatalytic activity [77].  

1.10.2.1 g-C3N4 

Among all nitrides, graphitic carbon nitride (g-C3N4) has attracted much attention as it 

composed of extremely abundant elements such as C and N, tunable electronic structure, and 

nontoxic with proven stability both thermally and in solutions of pH 1 14 [78]. g-C3N4 is an 

organic polymer of carbon and nitrogen having tri-s-triazine as a repeating unit. These rings 

are connected each other by sp3 hybridized N atom to form a 2D layer structure as shown in 

Fig. 1.5. 

 

Fig. 1.5 Structure of polymeric graphitic C3N4 
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g-C3N4 satisfies the thermodynamic criterion required for water splitting and lower 

band gap (2.7 eV) compared to TiO2 (3.2 eV). Hence it is a promising photocatalyst for 

visible light reactions. Wang et al [76] first demonstrate the photocatalytic properties of g-

C3N4. They performed the DFT calculation to evaluate the structure of g-C3N4 and found that 

valence band is predominantly composed of nitrogen pz orbitals whereas carbon pz orbitals 

constitute conduction band. This implies that the nitrogen is the preferred sites for the 

oxidation of water whereas carbon atom offers reduction sites to produce H2 [76]. 

This polymer can be synthesized by polycondensation or pyrolysis of nitrogen rich 

precursors like cyanamide [76], dicyandiamide [79], melamine [80], thiourea [81], urea 

[82,83]. The physical and chemical properties of g-C3N4 depend on the type of precursor and 

reaction conditions. Martin et al [78] has reported the highest photocatalytic H2 evolution 

over g-C3N4 (H2 @ 20,000 mol/h over Pt/g-C3N4 in presence of sacrificial reagent) 

synthesized from urea as compared to that synthesized from other precursor like 

dicyandiamide and thiourea. Experimental as well as DFT calculations revealed that the 

increase in degree of polymerization and decrease in proton concentration results into 

enhancement of H2 production rate.  

Although having suitable properties as photocatalyst it suffers from poor activity due 

to high recombination of electron and hole pair and low surface area with medium band gap 

[78,84].  

1.10.3 Progress till date 

Many photocatalytic systems were tested for photocatalytic water splitting till date 

and they are listed in Table 1.3. Still the required efficiency for water splitting is not achieved 

for commercialization. 
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Table 1.3 H2 yield over different photocatalyst systems

Sr 
no 

Photocatalyst Co-catalyst 
Light 
source 

Reaction 
conditions 

H2 yield 
AQE/ 
SFE 

1 
(Ga(1-x)Znx) 

(N(1-x)Ox) [85] 
Rh2-yCryO3 

450 W 
High 

pressure 
Hg lamp 
with aq 

NaNO2 as 
filter( >4

00 nm) 

300 mg 
photocatalyst 

dispersed in 370 
ml of aqueous 

H2SO4, pH 
adjusted to 4.5 

H2: 800 
µmol/h 
O2: 400 
µmol/h 

AQE 
5.9 % 
at 420-

440 
nm 

2 CdS [68] Pt-PdS 
300 W 

Xe-lamp 

300 mg of 
photocatalysts 

powder 
suspended in 200 

mL of 0.5 M 
Na2S-0.5 M 

Na2SO3 solution 

8.77 
mmol/h 

AQE 
93 % 

3 
Black TiO2 

[86] 
Pt 

Solar 
simulator 

20 mg 
photocatalyst 

dispersed in 1:1 
water :methanol 

solution 

10 
mmol/h/

g 

SFE 
24 % 

4 CoO [63] 
No 

cocatalyst 
Solar 

simulator 

25 mg 
photocatalyst 
dispersed in 

water 

20 ml in 
30 min 

SFE 5 
% 

5 
Carbon/TiO2/

Carbon 
nanotube [87] 

Pt 
Solar 

simulator 

10 mg 
photocatalyst 

dispersed in 120 
ml of  1:1 water 

:ethanol solution, 

37.6 
mmol/h/

g 

AQE=
95 % 
at  < 
340 

nm & 
1.5 % 
at 430 

nm 

6 
Carbon 

dots/g-C3N4 

[88] 

No 
cocatalyst 

300 W 
Xe-lamp 
with cut 
off filter 
( >420 

nm) 

80 mg 
photocatalyst 

dispersed in 150 
ml water 

H2: 
45.2µm

ol/h 
O2: 

22.1µm
ol/h 

SFE 2 
% 

AQE 
16 % 
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7 
La/NaTaO3 

[52] 
NiO 

400 W 
High 

pressure 
Hg lamp 

1 g of catalyst 
dispersed in 390 
ml of pure water 

H2: 19.8 
mmol/h 
O2: 9.7 
mmol/h 

AQE 
56 % 

(at 270 
nm) 

8 
Hf doped (Na, 
K)TaO3 [89] 

No 
cocatalyst 

350 W 
High 

pressure 
Hg lamp 

0.1 g dispersed in 
350 ml pure 

water 

H2: 4.96 
mmol/h 
O2: 2.46 
mmol/h 

Not 
given 

No 
cocatalyst 

350 W 
High 

pressure 
Hg lamp 

0.1 g dispersed in 
300 ml pure 

water + 50 ml of 
methanol 

25.6 
mmol/h 

Not 
given 

9 
ZrO2 TaON 

and WO3 [90] 
Pt 

300 W Xe 
lamp 

100 mg of 
Pt/WO3 and 50 

mg of Pt/ 
ZrO2/TaON; 100 
ml (0.5 mM) NaI 

H2: 7.5 
µmol/h 
O2: 3.8 
µmol/h 

AQE 
6.3 % 

10 
LaMgxTa1

xO1+3xN2 3x 

[91] 
Pt 

300 W Xe 
lamp 

0.2 g in 250 ml 
10 vol % 
methanol 
solution 

H2: 62.5 
µmol/5h 

Not 
given 

11 
BiVO4:In,Mo 

[92] 

RuO2 
 
 

500 W 
Hg arc 
lamp 

0.3 g of 
photocatalyst in 
100 ml of water 

H2: 17 
µmol/h 

AQE 
3.2 % 

(at 
420-
800 
nm) 

12 
PS II and 

Ru/SrTiO3:Rh 
[93] 

Ru 

Xe lamp 
with a 

long-pass 
filter ( < 
420 nm) 
and 250 
mWcm-2 

power 
density. 

Ru/SrTiO3:Rh 
(0.1 g), PSII (1 
mg chlorophyll) 
and Fe(CN)6

3- (5 
mM) dispersed in 
100 ml of buffer 
solution (50 mM 

sodium 
phosphates, 15 
mM NaCl, pH 

6.0) 

H2: 
2489 

mol H2/ 
mol of 
PS II/ h 

O2: 
1334 

mol H2/ 
mol of 
PS II/ h 

Not 
given 

13 
GaN:Mg/ 

InGaN:Mg 
[94] 

Rh/Cr2O3 
300 W Xe 

lamp 

0.48 mg sample 
deposited over 3 
cm2 glass plate 

and immersed in 
water 

H2: 3.46 
mol/h/g 
O2: 1.69 
mol/h/g 

AQE: 
12.3 % 
(400-
475 
nm), 
SFE: 
1.8 % 
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1.11 Designing modified photocatalyst with improved light absorption properties 

As explained above the problem with the transition metal oxides like TiO2, Ta2O5, 

Nb2O5, SrTiO3 etc are large band gap material. Therefore cannot able to utilize the solar light. 

Different strategies adopted to utilize major portion of sunlight i.e. visible region by band gap 

engineering. 

1.11.1 Cationic or anionic doping  

One of the methods to modify the band gap of metal oxides in order to absorb in the 

visible region is by cation or anion doping. Dopant is a foreign element which replace the 

crystal lattice point of the host material [22]. Cationic dopants create impurity levels in the 

band gap by modifying the electronic structure of semiconductor. These levels may be donor 

level above the valence band or the acceptor level below the CB [95]. Thus helps in overall 

reduction of band gap as shown in Fig. 1.6.  

 

Fig. 1.6 (i) Donor level and (ii) acceptor level formed by metal ions doping and (iii) new VB 
formation by anionic doping.  

Synthesis route, ionic size and amount of dopant, electronegativity and oxidation state 

of both host and dopant atoms affect the physico-chemical and photocatalytic properties of 

doped titanium dioxide [96]. Doping of various transition metals with partly filled d orbital 

and rare earth ions into d0 and d10 material is an effective way to reduce the band gap of 

CB

VB

H+/H2

O2/H2O
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VB
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Cationic doping Anionic doping

0

+1.23

E(V) 
vs NHE 
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material [55,97]. Transition metals Cu, Ni, Fe and Cr doped TiO2 shows enhancement in 

photocatalytic activity of TiO2 [98 100]. Zalas et al [101] synthesized platinized lanthanide 

doped TiO2 photocatalyst and found maximum activity for photocatalytic H2 generation over 

0.5 mol % Gd, Eu, Yb, or Ho doped TiO2. NiO (0.2 wt %)/ NaTaO3:La(2 %) shows high 

activity for pure water splitting with AQE of 56 % at 270 nm which is nine times higher than 

the undoped NiO/NaTaO3. La doping decreases the crystal size and shows characteristic 

ordered surface nanosteps. H2 evolution takes place over the ultrafine NiO loaded on edge of 

the nanostep whereas O2 evolution occurred at the groove of the ordered nanostep structure. 

Increased crystallinity with decreased particle size and presence of separate H2 and O2 

evolution sites on the catalyst surface results into enhancement of H2 yield [52].  

Although doping enhances light absorption properties but its excess amount acts as a 

recombination centres. Hence, small amount of dopant loading is preferred to balance the 

recombination and light absorption properties. Also the cationic doping creates discrete 

impurity levels hence disadvantageous for migration of photogenerated holes [95].  

Self doping of TiO2 evades the introduction of unfavourable recombination centre and 

the thermal stability associated with dopant [38]. Zuo et al [102] reported the high stability, 

improved light absorption and enhanced photocatalytic activity over Ti3+ self doped TiO2 

under visible light illumination. Presence of Ti3+ or oxygen vacancy forms defects band 

below the conduction band minimum and its width depends on the concentration of Ti3+ or 

oxygen vacancy and thus helps in absorption of visible light by narrowing the band gap. 

In many cases doping with single element creates charge imbalance which leads to the 

formation of charge recombination centres. By co-doping charge imbalance can be 

compensated which suppresses the formation of charge recombination centres and 

maintaining visible light absorption property. Hence co-doping is an efficient way to improve 

the photocatalytic activity. Rh and Sb co-doped in SrTiO3 shows enhanced activity for H2 and 
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O2 generation in presence of respective sacrificial reagent and Pt as cocatalyst. Only doping 

with Rh shows presence of both +3 and +4 oxidation state. Rh in +4 state acts as 

recombination centre. But when doped with Sb, restrict the oxidation state of Rh as +3. 

Maximum H2 generation was observed over the codoped sample when the ratio of Sb/Rh = 1 

in presence of methanol and Pt. Whereas maximum O2 evolution was observed when the 

ratio of Sb/Rh = 1.5 in presence of AgNO3 [103]. Also codoping of C and S in SrTiO3 shows 

shift of absorption band edge from 400 to 700 nm and thus enhances the photocatalytic 

oxidation of 2-propanol under visible light as compared to pristine SrTiO3 [104].  

In case of anionic dopant, (like B, N, C, P and S) p orbital of dopant mixes with the 2p 

oxygen state to form valence band (Fig. 1.6). This results into shift of the valence band edge 

upward thus help in the lowering of band gap to utilize visible region. Anionic doping is 

more effective as compared to cationic doping as it forms few recombination centres. Hong et 

al [105] synthesized the sulphur doped mesoporous g-C3N4 and proposed the replacement of 

carbon by sulphur and lowering down the conduction band by 0.25 eV. This narrowing of 

band gap resulted into increasing light absorption in visible region. S doped mesoporous g-

C3N4 is 30 times more active than the pristine g-C3N4 for photocatalytic H2 evolution 

reaction.  

1.11.2 Dye sensitization 

This is an effective technique for visible light harvesting. Organic dye can be used as 

a photosensitizer. Dye absorbs light and get excited to the excited state (dye*). This dye in 

excited state injects electron into conduction band of semiconductor and get converted into 

radical cation (dye+). LUMO (lowest unoccupied molecular orbital) level of the dye and 

conduction band of semiconductor must be proper for efficient transfer of electron. This 

electron in the conduction band of semiconductor reduces water to give H2 whereas the cation 

radical of dye (dye+) reacts with electron donor sacrificial reagent to regenerate back. Proper 
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design of dye and semiconductor is required to inhibit charge trapping and recombination to 

enhance the product yield [4]. Most commonly studied metal free dyes are Eosin-Y, 

acriflavin, Eosin Blue, Rhodamine B, Rose Bengal, fluorescein. Also dyes like ruthenium (II) 

complex, polypyridine complexes, alizarine, phthalocyanine, and metalloporphyrins having 

metals at the centres such as Pt(II), Co(II), Zn(II), and Cr(III) are well studied 

[4,55,95,97,106]. Self degradation of dye is the major problem to be addressed [106].  

1.11.3 Recombination is a competing process 

Photocatalytic processes inside the bulk and surface of the semiconductor takes place 

in the range of femtosecond to second. Table 1.4 listed the photoinduced reactions in TiO2 

semiconductor with their corresponding time scale. Charge transfer process takes longer time 

from picoseconds to millisecond than the recombination or trapping of charges (femtosecond 

to picosecond time scales). Recombination of free and shallow trap related charges takes 

place in picoseconds to nanosecond time scale whereas deep trap related charges recombines 

at a relatively longer time scale than the nanosecond [107,108]. In order to enhance 

photocatalytic activity, it is important to slow down the recombination and accelerate the 

electron and hole transfer process. 

Table 1.4 Photoinduced reaction in the bulk and surface of TiO2 semiconductor and their 
timescale. 

A. Photoinduced reactions in the bulk of semiconductor Time scale 

i) Generation 

 fs 

ii) Trapping reaction 

Surface: 

 

 

 

50-170 fs 

200 fs 

Bulk: 

 

 

 

100- 260 fs 

50 ps 

iii) Recombination reaction 

Surface:  1-10 ps 
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Bulk: > 20 ps

B. Photoinduced charge transfer processes on semiconductor surface 

 

 

 

 

300 ps 

10 ps 

10- 900 µs 

> 100 ms 

 

1.11.3.1 Effect of particle size, surface area and crystallinity 

Nanoparticles offer high surface to volume ratio. Surface is important to perform the 

heterogeneous reaction whereas volume is necessary to generate and separate electron and 

hole pair formed after absorption of light. Surface area of nanoparticle will be large hence 

more number of active sites leading to more adsorption of water molecules on the surface and 

hence enhances the yield of the reaction. But at the same time defect sites will also increase 

as the surface is also a type of defect where growth of the crystal terminates. These defect 

sites acts as electron-hole pair recombination centre hence lower down the activity. Due to 

small size nanoparticles, photogenerated carriers will have to travel a short distance to reach 

the surface where oxidation and reduction of water will take place. Li et al [109] synthesized 

hollow nanosphere, solid nanosphere and nanorods of CdS photocatalyst and compared their 

activity for photocatalytic H2 evolution under visible light illumination. Maximum yield was 

observed over solid nanosphere as compared to hollow nanospheres and nanorods. They 

found that solid nanosphere is beneficial for faster charge migration to the surface active sites 

and suppression of recombination of charge carrier in bulk. However, in case of small size 

nanoparticles electron and hole are confined to small space may lead to increase in 

recombination probability. Hence there is a need to optimize between surface area and 

particle size by selecting proper size of photocatalyst [22].  
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Also the quantum size effect shown by nanoparticles can be exploited to enhance 

water splitting reaction. Band gap energy of nanoparticle increases with decrease in particle 

size. Hence by changing the size of semiconductor one can modify band gap energies, optical 

properties and redox potential of electron and hole. Frame et al found that the nanoribbons of 

CdSe possessing band gap 2.7 eV is active for H2 generation in presence of sacrificial reagent 

whereas bulk CdSe having band gap of 1.7 eV is not active. The increase in band gap in 

nanoparticle of CdSe is a result of quantum size confinement i.e. which is the broadening of 

band gap with decrease in particle size. Because of this conduction band minima is elevated 

in CdSe nanoparticles ( 0.55 V, NHE, pH = 7) as compared to bulk CdSe ( 0.10 V, NHE, pH 

= 7). Hence electron in CdSe nanoparticle is more reducing (around 0.45 V) as compared to 

that in bulk [24]. 

At the interface of semiconductor and electrolyte charge transfer takes place till the 

Fermi level becomes equal to the redox potential of electrolyte. This is the base of the 

photocatalyst liquid junction [110]. At equilibrium a space charge layer is formed at the 

interface results into the bending of the energy levels. Usually the thickness of space charge 

layer is of the order of 1-103 nm. This space charge layer helps in separation of 

photogenerated charge carriers. But in case of nanoparticles band bending decreases with 

decrease in particle size. Dimension of crystal if comparable to depletion layer limits the 

effective e-/h+ separation at the interface [111]. Therefore it is important to optimize the 

particle size. 

In similar way crystallinity is also playing an important role. The crystalline sample 

will have lesser number of defects hence lesser recombination centres. Fig. 1.7 shows how 

the photocatalytic activity varies with the change in calcination temperature. Kong et al [112] 

studied the effect of defects on photocatalytic activity and concluded that decrease in ratio of 

bulk defects to surface defects in TiO2 nanocrystals enhances the charge separation which 
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results in enhancement of photocatalytic efficiency. They also show that calcining TiO2 at 

higher temperature can eliminate lattice strain in TiO2 by reducing defects.  

 

Fig. 1.7 Role of crystallinity and surface area of photocatalyst on photocatalytic activity. 

1.11.3.2 Use of sacrificial reagent 

Recombination reaction competes with photocatalytic water splitting and affects 

efficiency of reaction adversely. To minimize the recombination reaction of e-/h+ pair, 

photocatalytic water splitting was studied in presence of electron donor or acceptor reagents. 

These additives act as either oxidizing agent or reducing agent which get reduced by electron 

or oxidized by hole respectively. Purely the reaction then on consumption to maintain the 

inflow of photogenerated electrons therefore refers as sacrificial reagent. Presence of 

sacrificial reagent also solves the issues related to back reaction of H2 and O2 and also 

addresses safety considerations related to H2 and O2 gas separation [113]. The only drawback 

of addition of sacrificial reagent is that it get consumed during the reaction hence there is 

need to add sacrificial reagent to continue the reaction [114].  

The sacrificial reagent can be classified as inorganic and organic electron donors. 

Most commonly used sacrificial reagents to scavenge holes are alcohols, amines, sulphite 
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salts. Methanol which is used as sacrificial electron donor also contributes in H2 generation. 

Following is the mechanism for methanol degradation [113]: 

                                                                        .....1.8 

                                                                 .....1.9 

                                                                      ......1.10 

Overall reaction:  

                                                       .....1.11 

Oxidation potential of methanol is 0.02 V which is lower than the oxidation potential 

of water [114]. Methanol first get oxidized to form formaldehyde which on further oxidation 

gives formic acid which on subsequent oxidation gives CO2 and H2 as final product. During 

oxidation of methanol, hydroxymethyl radical is formed which injects electron into the 

conduction band of TiO2 semiconductor it is called as current doubling effect [115].  

Formic acid, glucose, oxalic acid, glycerol, chloroacetic acid, triethanolamine etc. 

were also used as sacrificial reagent by other researchers [55,76]. Thus, for 

commercialization, cheap sacrificial reagent such as glycerol which is a byproduct of 

biodiesel or any other organic compound with insignificant economic value can be used. In 

chapter 6, attempt was made to replace methanol with glycerol for economically viable 

production of H2.  

Ag+ or Fe3+ ions used as sacrificial electron acceptor to carry out photocatalytic O2 

evolution reaction as both the ions gets reduced by scavenging photogenerated electrons.  

1.11.3.3 Dispersion of cocatalyst 

Co-catalyst dispersed on the surface of photocatalyst provides active sites for 

reduction or oxidation of reaction and helps in reduction of activation barrier for the reaction. 

It also prevents back reaction of water formation on the catalyst surface.  
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Noble metals such as Ru, Rh, Pd, Pt, Au, Ag transition metal oxides like NiO, RuO2, 

Rh2-yCryO3 and transition metal sulphide such as MoS2 are used as cocatalysts for hydrogen 

generation reaction, while noble metal oxides like RuO2 and IrO2 are used as cocatalysts for 

the oxygen evolution reaction [22]. RuO2 is found to be active for both reduction and 

oxidation of water. Carbon compounds such as graphene, carbon dots etc also used as 

cocatalyst due to electronic conductivity imparted by pi-conjugated system.  

Maeda et al [116] demonstrated that loading of two different co-catalysts for H2 and 

O2 evolution was beneficial for overall water splitting. Pure water splitting under visible light 

illumination was achieved over gallium and zinc nitrogen oxide (Ga(1-x)Znx)(N(1-x)Ox) 

photocatalyst modified with cocatalyst viz. nanoparticles of Rh/Cr2O3 core-shell and Mn3O4 

as a H2 and O2 evolution site respectively. Back reaction over the Rh metal is prevented by 

the presence of amorphous Cr2O3 shell as it is permeable to proton and evolved H2 molecules 

and not to O2 molecules. 

1.11.3.4 Formation of heterojunction 

Different types of heterojunctions and their band alignment is as depicted in Fig. 1.8. 

Consider there are two different semiconductors A and B (either p-type or n-type). In type I 

heterojunction, conduction band (CB) of semiconductor B is above the semiconductor A and 

the valence band (VB) of semiconductor B is below that of semiconductor A. In this kind of 

heterojunction, band alignment is such that electron and hole will accumulate on 

semiconductor A after light illumination. In type II heterojunction, both valence and 

conduction band of semiconductor A is lower than that of semiconductor B. Here, electrons 

will move from higher CB of semiconductor B to that of A and holes will move from lower 

VB of semiconductor A to that of semiconductor B. This band alignment results into efficient 

separation of photogenerated charge carriers and enhanced photocatalytic activity. Type III is 

similar to that of Type II except the difference between VB and CB positions of two different 
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semiconductors is comparatively high as shown in Fig. 1.8. This band alignment provides 

better driving force for the transfer of charge carriers [117].  

 

Fig. 1.8 Band alignment in different types of heterojunctions (Type I, Type II and Type III) 
[VB= valence band and CB= conduction band] 

Among solid-solid interfaces following heterojunctions has gained much interest. They are as 

follows (i) semiconductor- semiconductor heterojunction (ii) semiconductor- metal 

heterojunction and (iii) semiconductor- carbon heterojunction. 

(i) Semiconductor-semiconductor heterojunction 

When p-type semiconductor comes in contact with n-type semiconductor, transfer of 

charge takes place till their Fermi level becomes equal. As a result of this charge transfer, 

space charge region is created at the interface. A combination of p and n-type oxides in a 

composite sample induces pn junctions and a generalized proposed mechanism of charge 

separation over these two oxides is shown in Fig. 1.9. At the interface band bending will take 

place as a result of formation of space charge region. The re-distribution of charge in the 

space charge region induces an electric field. This induced electric field at the pn junction 

helps in the separation of photogenerated electron and hole pair hence longer lifetime of 

charge carrier which results into enhancement of photocatalytic activity. pn junction offers 

several advantages such as faster charge transfer to the catalyst, reduces the recombination 

rate hence increased life time of charge carrier, effective separation of charges result into 

Type I Type II Type III
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separation of oxidation and reduction reaction in nanospace [118]. All these advantages 

results into enhancement of activity. 

 

Fig. 1.9 Band alignment at pn heterojunction 

TiO2 is well known for its photocatalytic activity and it behaves as n-type 

semiconductor due to loss of lattice oxygen. A combination of p and n-type oxides in a 

composite sample induces pn junctions at the interface. n-type TiO2 can be coupled with p-

type NiO [119], Cu2O [120], Co3O4 [121] to construct efficient heterostructured 

photocatalysts for different photocatalytic reactions. Similarly Meng et al [122] studied p-

type MoS2/ n-type nitrogen doped reduced graphene oxide nanoscale pn junction. The 

photoelectrochemical studies revealed that nanoscale pn junction greatly enhances the charge 

generation and suppresses the charge recombination, resulting into enhancement of solar H2 

generation in presence of ethanol.  

(ii) Semiconductor- metal heterojunction 

Noble metals such as Pt, Ag, Au, Cu, Ru and Pd can be loaded over the surface of 

semiconductor photocatalyst. When semiconductor comes in contact with metal, Schottky 

barrier (space-charge separation region) forms at the interface. If the work function of metal 

( m) is higher than n-type semiconductor then electron will flow from semiconductor to 

metal. The transfer of charge continues till the Fermi level (Ef) equilibrates as shown in Fig. 
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1.10. This results into formation of Schottky barrier as excess of negative and positive charge 

accumulate on the metal and semiconductor respectively [118]. This Schottky barrier helps in 

the separation of photogenerated charge carrier thus enhances photocatalytic activity. If the 

metal has lower work function than the semiconductor then the electron will flow from metal 

to semiconductor.  

 

Fig. 1.10 Band alignment at the semiconductor-metal interface. (CB= conduction band, VB= 
valence band, Ef= Fermi level, m and s is work function of metal and semiconductor 
respectively) 

Along with the formation of metal semiconductor heterojunction, metal shows 

surface plasmon resonance (SPR) effect which helps in harvesting visible light. Surface 

plasmon resonance is the collective oscillation of conduction band electrons in a metal 

particle stimulated by the electromagnetic field of incident light [123]. When a light falls on a 

spherical metal nanoparticle having wavelength greater than the size of the particle, 

redistribution of charge density takes place. This result into generation of coulombic restoring 

force and the charge density oscillates coherently in phase with the light falling on it, called 

SPR. It is also known as localized surface plasmon resonance (LSPR) [123]. Particle size, 

shape, interparticle interactions and local dielectric environment affects the resonance 

frequency [124]. Zhang et al [125] found that with increase in the edge length of Ag 

nanocube, resonance frequency shifted to visible region.  
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(iii) Semiconductor- carbon heterojunction

This kind of junction is similar to metal-semiconductor junction. Different types of 

carbon species activated carbon, graphene, carbon dots, carbon nanotubes, fullerene, 

graphene oxide are used for formation of carbon-semiconductor heterojunction [118,126]. 

Carbon shows conductivity similar to metal, high surface area, high electron mobility and 

easy transfer of electron from semiconductor to carbon. Semiconductor-carbon composite 

shows enhancement of photocatalytic activity due to enhanced light absorption, efficient 

separation of charge carrier thus prolongs its life time, acts as cocatalyst by providing active 

sites for photocatalytic reactions. Li et al [127] reported 1.12 mmol/h H2 generation over 

Pt(0.5 wt%)/ graphene (1.0 wt%)-CdS composite under visible light illumination in presence 

of lactic acid which is ~ 4.87 times higher than CdS nanoparticle under similar condition. 

High photocatalytic H2 generation credited to the role of graphene as electron collector and 

transporter thus resulting into enhancement of lifetime of charge carriers. Also it enhances the 

light absorption properties of composite. Similarly Zhao et al [87] synthesized 

carbon/TiO2/carbon nanotube composite in which TiO2 nanotube sandwiched between two 

thin tubes of carbon with graphitic nature and observed maximum H2 generation @ 37.6 

mmol/h/g by irradiating the composite under solar simulator with AM 1.5G filter in presence 

of Pt and ethanol as cocatalyst and sacrificial reagent and attributed high activity to the 

synergistic effect between carbon and TiO2 in enhancing the charge carrier separation and 

increased solar absorption.  

1.11.3.5  Z- scheme photocatalytic water splitting  

Z- scheme photocatalytic water splitting employs two semiconductors with appropriate 

band position such that one will generate H2 and at other semiconductor oxidation will takes 

place. This concept was proposed to overcome the drawback of simultaneous evolution of H2 

and O2. Recently, Wang et al [128] developed a catalyst where powdered hydrogen evolution 
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photocatalyst SrTiO3:La, Rh and oxygen evolution photocatalyst BiVO4:Mo were embedded 

into conducting carbon thin film (SrTiO3:La,Rh/C/BiVO4:Mo sheet) and reported Z-scheme 

photocatalytic water splitting with solar-to-hydrogen energy conversion efficiency of 1.2 % at 

331 K and 10 kPa. It was revealed that the photocatalyst sheet is more efficient for pure water 

splitting than the conventional powdered photocatalyst and PEC as it suppressed the H+ and 

OH- concentration overpotential and IR drop between hydrogen evolution photocatalyst and 

oxygen evolution photocatalyst.  

1.12 Optimization of experimental parameters  

Along with the improvement of light absorption properties of photocatalyst by 

structural modification, it is also important to monitor the effect of experimental parameters 

such as light source, reaction cell or photoreactor, amount of catalyst loaded, amount and 

type of sacrificial reagent, configuration of lamp and photoreactor etc. on photocatalytic 

activity of the photocatalyst. Sreethawong et al [129] varied the amount of photocatalyst and 

H2 yield was monitored. It was observed that initially H2 yield increases with increase in 

photocatalyst amount and decreases on further addition of photocatalyst. This indicates that it 

is important to optimize the amount of photocatalyst. Active sites increases with increase in 

concentration of photocatalyst but at higher loading of photocatalyst penetration of light is 

masked resulting into decrease in photocatalytic activity.  

Amount and type of sacrificial reagent also plays an important role. Lalitha et al [130] 

found that with increase in amount of sacrificial reagent, H2 yield increases initially upto 

certain optimum amount but on further increase in its concentration photocatalytic activity 

decreases. At low concentration of methanol, rate of H2 production is low as the slow mass 

transfer of methanol from solution to the photocatalyst surface affects the reaction. However, 

at high concentration, methanol blocks the surface active sites resulting into lower adsorption 
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of water molecules on the surface thus deteriorating the photocatalytic activity [130]. Hence

optimum amount of sacrificial reagent is required to derive highest H2 yield. 

Stirring of solution during photocatalytic reaction provides good dispersion of 

photocatalyst as it does not allow photocatalyst particles to settle down during the reaction in 

the solution. Thus stirring offers efficient utilization of photons falling on the system. With 

change in the intensity of light rate of H2 generation can be varied. 

1.13 Global status of pilot plant  

Although photocatalyst development is in R&D stage however there are few attempts 

towards only demonstration of degradation of pollutants and production of H2 at pilot plant 

using direct solar light. 

In Germany, pilot plant is constructed for the solar photocatalytic treatment of 

biologically pretreated industrial wastewater for reuse of water in the production process 

[131]. Villa et al [132] has studied the simultaneous photocatalytic hydrogen production and 

degradation of organic pollutant under direct solar light at pilot-plant scale using compound 

parabolic collector (CPC). The experiment was carried out over two different photocatalyst N 

doped TiO2 and CdS-ZnS using Pt as cocatalyst in presence of formic acid, glycerol and 

waste water as sacrificial reagent. Maximum H2 generation of 4.8x104 mol over Pt/(N-TiO2) 

in presence of aqueous solution of 0.05 M formic acid after 5 h of illumination under sunlight 

was observed. Jing et al also demonstrated pilot plant set up by using CPC under sunlight 

illumination [133]. 

1.14 Aim of the work and future scope 

Photocatalytic water splitting holds the promise for future hydrogen economy but the 

challenge involved is to bring this process into reality. Many photocatalysts were tested for 

pure water splitting but the low stability and limited absorption of visible light limits its use 
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for practical application. From the above discussion it is concluded that development of a 

photocatalyst with high efficiency, stable and cost effective is a main concern for bulk 

production of solar hydrogen.  

In the present thesis, studies were undertaken to improvise the optical and 

photocatalytic properties of several photocatalysts; conventionally known UV active TiO2 

and novel organic semiconductor, g-C3N4. Various strategies such as cationic doping by Cu 

in TiO2, composite formation with NiO and CuO inducing pn heterojunctions, carbon 

incorporation in bulk TiO2 to improve electronic conductivity, surface modification of g-

C3N4 by dispersing carbon nanodots (CND) and noble metal ions (Pt, Pd, Au, Ag and Cu) 

were adopted to limit the e-/h+ recombination reaction and to enhance the photoresponse 

under visible light illumination. All samples were thoroughly characterized by relevant 

techniques and their potential for H2 generation was evaluated under sunlight and UV-visible 

light in presence of sacrificial reagent. Density functional theory calculations were performed 

and life time of e-/h+ from PL decay curves was measured to support the activity trend. 

Parameters such as illumination area, catalyst concentration, form of catalyst (powder/films) 

and amount of sacrificial reagents were optimized for maximum H2 yield. Performance of the 

screened photocatalysts was also tested in up-scaled photoreactors (vol = 0.5, 1 and 2 L)..   
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2 Chapter-2                                                              

Instrumentation and Experimental Methods  

2.1 Introduction 

 This chapter includes the experimental techniques used for synthesis of TiO2 and g-

C3N4, characterization and evaluation of photocatalytic activities for H2 generation. The 

samples were synthesized by various methods such as solid state route, sol-gel and thermal 

decomposition. These samples were well characterized by various techniques to get insight 

into surface and bulk properties. These techniques includes X-Ray Diffraction (XRD), X-ray 

Absorption Spectroscopy (XAS), X-ray Photoelectron Spectroscopy (XPS), N2 Brunauer-

Emmett-Teller (N2-BET) surface area, Fourier Transform Infrared Spectroscopy (FTIR), 

Raman Spectroscopy, Nuclear Magnetic Resonance Spectroscopy (NMR), Diffuse 

Reflectance Spectroscopy (DRS), Photoluminescence Spectroscopy (PL), Scanning Electron 

Microscopy (SEM)- Energy Dispersive X-ray (EDX), Transmission Electron Microscopy- 

Selected Area Electron Diffraction (TEM-SAED), Gas Chromatography (GC), 

Thermogravimetric Analysis- Differential Thermal Analysis- Evolved Gas Analysis (TGA-

DTA-EGA) and Inductively Coupled Plasma- Optical Emission Spectroscopy (ICP-OES). 

Brief descriptions on general principles of these techniques are given in following 

sections. Experimental setup required to carry out experiments for H2 generation was also 

discussed in details.  

2.2 Synthesis of catalysts 

 Fundamental basis of synthesis methods adopted for preparation of photocatalyst are 

mentioned below. Further detailed synthesis is included in respective chapters. 
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2.2.1 Solid state route 

Solid state reaction is a traditional way adapted for the synthesis of polycrystalline 

mixed metal oxides. Two or more metal oxides or its salts such as carbonates, nitrates etc are 

mixed thoroughly and heated to a higher temperature to obtain the final product. In such kind 

of reactions sample mixing is playing an important role. Normally solid do not react with 

each other hence it is necessary to carry out reaction at higher temperature. The first step for 

the solid state synthesis is to mix the respective metal oxides or their salts in appropriate 

proportion. Then grind the powder for about one hour or more till it become homogeneous. 

Grinding time plays a crucial role in achieving homogeneity in final product [134]. More the 

grinding time better is the homogeneity in the final product. The pellet of this powder was 

fromed by applying pressure up to 1.5 tonnes in hydraulic press. These pellets were then 

heated at the desired temperature to form the product.  

Good crystallinity and homogeneity in sample preparation are advantages of this 

method provided grinding and mixing must be done properly. However, the demerit of the 

synthesis route is the formation of product with large particles having size in the range of 

micrometer and low surface area as results of sintering and grain growth at higher 

temperature.  

Using this method NiTiO3 was synthesized from NiO and TiO2. Synthesis procedure 

is explained in brief in chapter 4.   

2.2.2 Sol-gel method 

One of the most commonly used methods for synthesis of metal oxide is sol gel 

method. Dispersion of colloidal particles in the range of 1 nm to 1mm in liquid is known as 

sol from which a polymeric network called as gel can be formed [135]. Sol-gel methods are 

classified on the basis of gel drying temperature. If the gel is dried at room temperature then 
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it is called as aerogel. If drying of gel is carried out above room temperature then it is called 

as sol-gel and as xerogel if it is dried in vacuum.  

Commonly metal alkoxides are used as precursors in sol-gel synthesis because they 

readily react with water. Sol-gel chemistry can be described by following reactions: 

(i) Hydrolysis 

                                                                              .....2.1 

(ii) Condensation reaction 

                                                                  .....2.2 

      Where, MOR is metal alkoxide. 

First metal salt (MOR) get hydrolyzed and then undergo condensation reaction to 

form polymeric network called as gel. After this gel formation solvent was decanted or gel 

was centrifuged. Final product obtained was calcined further at high temperature to form 

metal oxide.  

Concentration of precursor, pH of solution, gelation, drying process, calcination 

temperature and rate of cooling are the parameters which affects the particle size in the 

product. The role of gel drying temperature in preventing the formation of NiTiO3 phase in 

the composite of NiO and TiO2 and its affect on the photocatalytic activity is explained in 

detail in chapter 4. 

The advantage of sol-gel method over conventional solid state reaction is 

homogeneous formation of product as precursors are mixed at molecular level in the solution. 

This route is an effective and easy method for the incorporation of guest into the lattice of 

host (matrix). Lower processing temperature helps to form the product with high surface area 

and pore size [136]. By using this method Cu was doped into TiO2 matrix and CuO and TiO2 

composite was synthesized. Brief discussion of synthesis is given in chapter 3. Same method 
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also used to prepare different composite of NiO -TiO2 and C@TiO2 composite and their 

synthesis procedure is explained in brief in chapter 4 and 5 respectively.  

2.2.3  Thermal decomposition of urea 

As mentioned in Chapter 1, g-C3N4 can be synthesized by using different precursors 

such as dicyanamide, thioacetamide, melamine, urea. Here, g-C3N4 was synthesized by 

thermal decomposition of urea [83]. Possible mechanism during thermal pyrolysis of urea is 

given in Fig. 2.1 [83]. Urea decomposes to give isocyanic acid. Isocyanic acid reacts with 

intact urea to give biuret. Biuret further produces cyanuric acid, ammelide and ammeline. 

Cyanuric acid on reaction with ammonia produces melamine and ammeline. This melamine 

and ammeline reacts to give melam. Melem is produced from melam. This melem on 

polymerization gives melon which on further polymerization gives graphitic carbon nitride 

(g-C3N4). 

In this work, reaction is carried out in a crucible covered with lid. In absence of lid no 

formation of product was observed. In open crucible, the gases generated after pyrolysis 

escaped the system without taking part in further reaction and the pyrolysis-generated 

intermediates decomposes at higher temperature instead of polymerization hence no product 

observed. But if the reaction is carried out in a covered crucible then the formation of g-C3N4 

was observed [83]. This implies that the retainable self-supporting atmosphere in covered 

crucible is important to force the pyrolysis-generated intermediates to polymerize into g-C3N4 

[83]. In Chapter 7 and 8, g-C3N4 was synthesized by heating urea at 550 °C at a heating rate 

of 5 °C/min in a covered crucible and heating was carried out in a muffle furnace which was 

placed in a fume hood. 
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Fig. 2.1 Reaction mechanism of thermal pyrolysis of urea into g-C3N4. S is the reaction steps.  

2.2.4 Synthesis of carbon nanodots by top down method  

Carbon nanodots (CND) can be synthesized from top down and bottom up methods 

[137]. In top down methods graphite rod or powder, carbon nanotubes are used as starting 

material and subjected to harsh conditions like arc discharge method, laser ablation, 

electrochemical methods etc. Whereas in bottom up methods CNDs are synthesized from 
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small molecules like glucose, fructose etc. by applying external energy sources like heating, 

ultrasonication, microwave assisted methods. In chapter 7, carbon nanodots (CND) were 

synthesized by top down method by subjecting electrochemical oxidation of graphite rod. 

Synthesis of CND by electrochemical oxidation method is simple and do not require 

purification step. In this, two graphite rods were immersed in water and a DC potential of 30 

V was applied between two graphite rods with continuous stirring. One graphite rod acts as 

cathode and other as anode. Hydroxyl and oxygen radicals are produced as a result of 

oxidation of water at the anode. These radicals oxidizes graphite rod to produce sheets of 

graphene [137]. After 120 h of electrolysis, dark brown solution appeared which was filtered 

and the filtrate obtained was centrifuged at 15000 rpm for 1h. Finally obtained solution was 

water soluble CND. Further surface of CND were functionalized with amino group by 

heating CND solution with NH3 in an autoclave at 150 °C for 7 h. 

2.2.5 Photodeposition method 

Photodeposition is a process for the deposition of metal on semiconductor by 

illuminating aqueous solution of metal salt and semiconductor. As mentioned in Chapter 1, 

photodeposition method is most beneficial as it allow metal particles to get deposit on the 

active centres of the surface. A generalized equation for reduction of a metal ion Mn+ by 

photodeposition is 

                                                                                                 .....2.3 

Metal ion gets reduced on the surface of substrate by photogenerated electrons 

produced after absorption of light by the substrate. In this process substrate was dispersed in 

water and ethanol and platinum salt. This solution was purged to remove any dissolved gases 

which may hamper the photocatalytic activity and irradiated under UV-Visible light source.  

In Chapter 3, 4, 5 and 7, Pt was photodeposited over semiconductor to enhance the 

activity. In Chapter 8, metal like Pt, Pd, Au, Ag and Cu were loaded over g-C3N4 by 
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photodeposition method and the role of metal for the enhancement of photocatalytic activity 

was studied. 

2.3 Instrumental 

Structural, morphological and bulk properties of synthesized product were done by 

relevant techniques and their working principle is described below. 

2.3.1 Characterization by using X-ray techniques 

2.3.1.1 X-ray Diffraction (XRD) 

Powder X-ray diffraction technique is well known for determination of phase, phase 

purity, crystallinity, crystal structure and crystallite size of synthesized material. Crystal 

consists of well-defined array of atoms, ions or molecules. Wavelength of X-rays in the range 

of 0.5 to 2 Å is similar to the spacing between planes in crystal lattice. Therefore, lattice 

diffracts X-rays. Interaction of X-rays 

condition lead to constructive interference only at a particular angle. condition for 

occurrence of such diffraction is given as follows: 

                                                                                                                    4

Where n is the order of diffraction, is the wavelength of X-ray source (Å), d is spacing 

between the lattice (Å) and  . Fig. 2.2 shows 

schematic representation of X-ray diffraction from the atomic plane.  

 

Fig. 2.2 Schematic diagram of X-ray diffraction 
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A typical X-ray diffractometer consist of three basic elements: X-ray tube, sample 

holder and X-ray detector. X-rays are generated in a Coolidge tube. In this tube, electrons 

generated by thermionic effect of tungsten wire are accelerated towards target by applying 

high voltage. These electrons impinged on target usually Cu metal to produce characteristics 

X-ray spectra. These spectra consist of a continuous radiation with wavelength higher than a 

certain lower limiting values and several intense spikes, K  and K  which are characteristic of 

the target elements.  K  consists, of K  which has a slightly shorter wavelength and twice the 

intensity as K . The background and -radiations are filtered using -filters (if Z is the 

atomic number of target element then (Z-1) element is used as filter) to produce 

monochromatic X-rays. Monochromatic radiations are used for diffraction experiments. The 

details of the X-ray production and the typical X-ray spectra are explained in several 

monographs [138,139]. K  and K  are nearly close in wavelength hence weighted average 

of the two is used, for Cu K  radiation = 1.5418 Å is used. The beam of X-rays is passed 

through the soller and divergence slits and then allowed to fall on the sample. Powder sample 

was spread in a rectangular area over glass slide with the help of a binder like collodion or 

grease or wax. X-ray diffracted from the sample is passed through the soller slits, divergence, 

receiving slits, monochromator and finally falls on detector. For detection of X-ray, gas filled 

or scintillation counters are commonly used. These tubes can be either proportional counter 

or Geiger-Muller counter in which gas get ionised after absorption of X-ray. The ions formed 

after ionization are migrated towards the respective electrodes to generate current which is 

proportional to number of photons arriving at the detector. Diffracted rays were detected at 

different angles by changing the position of detector. The output is obtained as plot of the 

intensity of diffracted X-rays (Y-axis) against angle (X-axis). The peak in the plot 

corresponds to the set of parallel planes having inter-planar spacing dhkl. A set of d values are 

characteristics of a particular sample hence XRD is used as fingerprint for the crystalline 
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sample. The absolute intensity of peak depends on the source intensity and counting time in 

addition to the nature and distribution of atoms in the unit cell. 

In this work, powder XRD patterns were recorded on a Philips diffractometer (model 

PW 1710), equipped with a graphite monochromator and Ni-filtered Cu-K  radiation. Bragg-

Brentano diffractometer is commonly used geometry for diffraction. In general a short time 

scan in the two-  to 70 ° is sufficient for the identification of a well 

crystalline inorganic material. However, low symmetry samples and samples with low 

crystallinity may need a slow scan. Data was collected in the 2  ranges at 10 ° to 70 ° with a 

step width of 0.02 ° and time 1.25 sec. The scan time was optimized for getting good 

intensity peaks. Prior to data collections, the goniometer needs to be properly aligned for 

correct zero position. After the proper alignment, the instrument has to be calibrated with 

standard known materials for the accurate peak position. Usually silicon is used for 

calibration. The silicon peak positions are adjusted by the correct angle and set angle 

command or by applying the zero settings to the diffractometer. Subsequently data was 

collected from the sample. By comparing the observed diffraction pattern with JCPDS (Joint 

Committee on Powder Diffraction Standards, 1974) files available for reported crystalline 

samples, fingerprinting of sample materials is normally done. The refinements are usually 

-

[140]. In the case of Cu doped TiO2 system, the observed diffraction pattern was refined 

using the Riedvelt method [141]. The unit cell parameters are made free to adjust in the best 

way to fit the observed experimental data.  

The broadening of an X-ray peak can occur due to smaller crystallite size or lattice 

strains arises due to displacements of the unit cells about their normal positions. The two 

aspects are briefly described below. Crystallite size can be determined from the broadening of 
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the peak using , if the crystal thickness is less than ~ 2000 Å. Scherr

formula given as follows: 

                                                                                                      5 

where, L  the X-ray wavelength measured in angstrom 

the Bragg angle, K is the Scherrer constant, generally taken as 0.9 

for spherical crystals with cubic symmetry. The line broadening, B(2 ), is measured from the 

peak width at half the peak height (FWHM).  

                                                                                                         6   

Where, BM is measured peak width at half peak height of the sample (radians) and BS is 

corresponding width of a peak of a standard material (radians).  

 Lattice strain develops due to displacements of the unit cells about their normal 

positions. Dislocations, domain boundaries, grain-surface relaxation etc. give rise to lattice 

strain. In nanocrystalline materials microstrains are very common. The peak broadening due 

to microstrain ( ) will be given by following formula: 

                                                                 
                                               7

 

From the broadening of the XRD peak both crystallite size and microstrain can be determined 

by combining equation 2.5 and 2.7.  

                                                                                                .....2.8 

Plotting B(2 ) vs sin  can get both crystallite size and microstrain. 

2.3.1.2 X-ray Absorption Spectroscopy (XAS) 

Absorption of X-ray by sample can also provide information regarding chemical 

composition and structure of the sample. X-ray Absorption Spectroscopy (XAS) includes 

Extended X-Ray Absorption Fine Structure (EXAFS) and X-ray Absorption Near Edge 
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Structure (XANES) [142]. In this, X-rays shines on the sample and the intensity of 

transmitted X-ray is measured. The number of X-rays that are transmitted through a sample 

(It) is equal to the number of X-rays falls on the sample (I0) multiplied by a decreasing 

exponential that depends on the type of atoms in the sample, the absorption 

and the thickness of the sample (x). 

                                                                                                           .....2.9 

The absorption coefficient can be obtained as follows: 

                                                                                                                    .....2.10 

Absorption of X-rays takes place when the energy of incident X-ray matches to that of 

the binding energy of an atom in the sample. This results into appearance of absorption edge 

in the spectrum. Gases, liquid and solid samples can be analyzed by XAS as X-rays are 

highly penetrating. Elemental concentration up to few ppm can be detected by the XAS 

because of the brilliance of the synchrotron X-ray radiation source. XAS is element selective 

as every element has a set of unique absorption edges which corresponding to different 

binding energies of its electrons. Typical XAS spectra is shown in Fig. 2.3. 

 

Fig. 2.3 Normalized X-ray absorption spectra of Cu doped TiO2 sample. 
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An X-ray absorption spectrum is generally divided into following sections [143]: 

i) pre-edge (energy of incident photon (E) less than adsorption edge (E0))  

ii) X-ray absorption near edge structure (XANES): where the energy of the incident 

X-ray beam is E = E0 ± 10 eV  

iii) Near Edge X-ray Absorption Fine Structure (NEXAFS), in the region between 10 

eV up to 50 eV above the edge 

iv) Extended X-ray absorption fine structure (EXAFS), which starts approximately 

from 50 eV and continues up to 1000 eV above the edge 

The pre-edge appears as a result of transition of electron from core level to the 

unfilled or half filled orbitals. This pre-edge gives information about covalency and 

electronic structure. In the XANES region, the absorption peaks due to transitions of core 

electrons to non-bound levels with close energy occurs. A rise of absorption is observed in 

this region because of the high probability of the transition to occur. XANES gives 

information about the oxidation state of the absorbing atom as well as co-ordination 

chemistry (e.g. octahedral, tetrahedral co-ordination). The ejected photoelectrons have low 

kinetic energy in NEXAFS and strong multiple scattering by the first and even higher 

coordinating shells dominates in this region. Whereas in EXAFS region, photoelectrons have 

high kinetic energy and in this region single scattering by the nearest neighbouring atoms 

normally dominates. The wavelength of the ejected photoelectron is dependent on the energy 

and phase of the backscattered wave which exists at the central atom. The wavelength 

changes with the change in the energy of the incident photon. The phase and amplitude of the 

backscattered wave are dependent on the type of atom involving in the backscattering and the 

distance between the backscattering atom and the central atom. The scattering depends on the 

atomic species hence it is possible to obtain information related to the chemical coordination 

environment of the original absorbing atom (central atom) by analyzing these EXAFS data. 
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XAS measurements in Chapter 3 on Cu doped TiO2 samples at the Cu K edge and in 

Chapter 5 on C@TiO2 samples at Ti K edge were carried out in fluorescence mode at the 

Scanning EXAFS Beamline (BL-9) at the INDUS-2 Synchrotron Source (2.5 GeV, 100 mA) 

at the Raja Ramanna Centre for Advanced Technology (RRCAT), Indore, India [144]. The 

beam line uses a double crystal monochromator (DCM) in the photon energy range of 4-25 

KeV with a resolution of 104 at 10 KeV. A 1.5 m horizontal pre-mirror with meridonial 

cylindrical curvature is used prior to the DCM for collimation of the beam and higher 

harmonic rejection. The second crystal of the DCM is a saggital cylinder with radius of 

curvature in the range 1.28-12.91 meters which provides horizontal focusing to the beam. For 

measurements in the fluorescence mode, the sample is placed at 45o to the incident X-ray 

beam and the fluorescence signal If is detected using a Si drift detector placed at 90o to the 

incident X-ray beam. An ionization chamber detector is used prior to the sample to measure 

the incident X-ray flux and the absorbance of the sample is obtained as a function of energy 

by scanning the monochromator over the specified energy range.  

In order to take care of the oscillations in the absorption spectra, the energy dependent 

absorption coefficient (E) has been converted to absorption function (E) defined as follows 

[145]:  

                                                                               .....2.11 

Where E0 absorption edge energy,  is the bare atom background and  

is the step in the  value at the absorption edge. After converting the energy scale to the 

photoelectron wave number scale (k) as defined by,  

                                                                                              .....2.12 

The energy dependent absorption coefficient  has been converted to the wave 

number dependent absorption coefficient , where m is the electron mass. Finally,  is 
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weighted by k2 to amplify the oscillation at high k. The functions k2 are Fourier 

transformed in r space to generate the versus r (or FT-EXAFS) spectra in terms of the 

real distances from the centre of the absorbing atom. It should be mentioned here that a set of 

EXAFS data analysis program available within the IFEFFIT software package [146] have 

been used for reduction and fitting of the experimental EXAFS data. This includes data 

reduction and Fourier transform to derive the  versus r spectra from the absorption 

spectra, generation of the theoretical EXAFS spectra starting from an assumed 

crystallographic structure and finally fitting of the experimental data with the theoretical 

spectra using the FEFF 6.0 code for Cu doped TiO2 and ARTEMIS software for C@TiO2 

samples. The bond distances and disorder (Debye-Waller) factors ( 2), which give the mean-

square fluctuations in the distances, have been used as fitting parameters. 

2.3.1.3 X-ray Photoelectron Spectroscopy (XPS) 

XPS is widely used technique to determine the elemental composition, empirical 

formula, oxidation state of the elements on the surface. XPS is also known as Electron 

Spectroscopy for Chemical Analysis (ESCA). In XPS, Al K  (8.3386 Å or 1486.6 eV) or Mg 

K (9.89 Å or 1253.6 eV) X-rays are used as X-ray source. When the X-ray falls on the 

sample, electron from core level gets ejected as shown in Fig. 2.4. Kinetic energy of these 

electrons gets detected by the detector. XPS requires ultra-high vacuum (UHV) conditions. 

By this technique all the elements above Lithium (atomic number 3) can be detected.  

From the measured kinetic energy (KE) of the ejected electron, binding energy (BE) 

of the electron can be evaluated by using the following formula: 

                                                                - BE -                                               .....2.13 

 is the work function of spectrometer.  
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Fig. 2.4 Schematic of emission of electron from core level after interaction with X-ray. 

A typical plot of XPS spectra is number of electrons get detected against the binding 

energy. Elemental identification is possible as each element produces a characteristic set of 

XPS peaks at characteristic binding energy values [147]. These peaks observed in XPS 

correspond to the electron configuration of electrons within the atoms, 1s, 2s, 2p, 3s, etc. The 

amount of electron detected i.e. the area under the peak is proportional to the concentration of 

that element on the surface. The shape of peak and binding energy value slightly changed 

with the chemical site of the electron emitting atom. Hence XPS can also provide chemical 

bonding information. As X-rays can penetrate 1-5 µm of the material, the electrons generated 

deeper inside may recaptured or trapped within the material hence will not able to come out 

of the surface. XPS detects only those electrons which have escaped into the vacuum of the 

instrument. Thus the electron ejected from 0-10 nm thickness of the sample are get detected 

in XPS. It is non destructive technique but very sensitive to surface contamination hence 

sometimes in situ surface cleaning is required using an ion gun. 

XPS experiments were recorded on an electron spectrometer (SPECS, Surface Nano 

Analysis GmbH, Germany) using Mg-K X-rays (h =1253.6 eV) as the primary source of 

radiation with an overall energy resolution of the instrument of about 0.7 eV. The appropriate 
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corrections for charging effects were made with the help of a C 1s signal appearing at 284.5

eV.  

2.3.2 Determination of surface area 

2.3.2.1 N2 BET Surface area 

In the field of heterogeneous catalysis, surface area of catalyst is an important factor 

because the reaction occurs on the surface of the catalyst. Generally surface area and pore 

size is measured by adsorption and desorption techniques. The commonly used method for 

determination of surface area is BET (Brunauer-Emmett-Teller) method [148]. It involves 

following equation known as BET equation which assumes formation of monolayer of gas 

molecules over the surface. 

                                                                                  .....2.14 

Where, p is Adsorption equilibrium pressure, po is saturation vapour pressure of adsorbate at 

the adsorption temperature, vm is volume of adsorbate required for mono layer coverage, v is 

volume of adsorbate adsorbed at equilibrium pressure p, C  is Constant related exponentially 

to the heat of adsorption in the first layer (q1) and heat of liquefaction of adsorbate (qL) ; 

. 

A plot of p/(po-p)v against relative pressure p/po gives a straight line. From the slope s 

= (C-1) / vmC and intercept I = 1/vmC, vm can be calculated as follows: 

                                                                                                    .....2.15 

 By knowing vm and cross sectional area of adsorbate molecule, the value of specific 

surface area of sample can be derived. Thus, specific surface area (S) in m2/g is given by, 

                                                                                .....2.16  
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where, NA = Avogadro's number, vm = Monolayer volume in ml at STP, W = Weight of the 

catalyst sample (g), Am = Mean cross sectional area occupied by adsorbate molecule which is 

16.2 Å2 for nitrogen at 77 K. 

At higher p/po values complexity associated with multilayer adsorption and/or pore 

condensation may arise therefore generally data over a range of p/po = 0.05- 0.3 is taken. 

Adsorption isotherm is obtained by measuring quantity of adsorbed gas over a range of 

relative pressures at constant temperature. By lowering relative pressure, quantities of gas 

removed from the sample is measured to obtain desorption isotherm. Information regarding 

surface area and porosity can be obtained by constructing an isotherm. IUPAC classified 

isotherms into six types as follows (Fig. 2.5) [149]. 

Type I or Langmuir isotherms are concave to the p/p0 axis and the amount of adsorbate 

approaches a limiting value as p/p0 approaches 1. Type I physisorption isotherms are 

exhibited by microporous solids having relatively small external surfaces, for example, 

activated carbons and molecular sieve zeolites. The limiting uptake of adsorbate is governed 

by the accessible micropore volume rather than by the internal surface area. 

Type II isotherms are the normal form of isotherm obtained with a nonporous or macroporous 

adsorbent. This type of isotherm represents unrestricted monolayer-multilayer adsorption. 

Point B, the start of the linear central section of the isotherm, is usually taken to indicate the 

relative pressure at which monolayer coverage is complete. 

Type III isotherm are convex to the p/p0 axis over its entire range. Type III isotherm are 

rarely encountered. A well-known example is the adsorption of water vapor on nonporous 

carbons. The absence of a distinct point B on type III isotherm is caused by stronger 

adsorbate-adsorbate than adsorbate-adsorbent interactions. 
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Type IV isotherm is exhibited by mesoporous solids. The steep slope at relatively higher 

pressure indicates capillary condensation at mesopores. The initial part of the type IV 

isotherm follows the same path as the type II. 

Type V isotherm is not common and corresponding to type III except that pores in the 

mesopore range are present. 

Type VI isotherm corresponds to stepwise multilayer adsorption on a uniform non-porous 

surface. The step-height signifies the monolayer capacity for each adsorbed layer and in the 

simplest case, remains almost constant for two or three adsorbed layers.  

 

Fig. 2.5 Classification of physisorption isotherms (IUPAC) [149] 

 Monolayer formation of gas molecules on the surface is used to determine the specific 

surface area, while the principle of capillary condensation can be applied to assess the 

presence of pores, pore volume and pore size distribution. Following conventions are given 

by IUPAC on pore sizes: Micropores: pore widths < 2 nm, Mesopores: 2 nm < pore widths < 

50 nm, Macropores: pore widths > 50 nm.  
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For determination of surface area of samples, Micromeritics ASAP 2020 V3.01 H 

analyzer was used. Before determination of surface area, samples were subjected to a pre-

treatment at 300 °C for ~ 5 h under vacuum with a liquid N2 trap to remove impurities such 

as moisture. From desorption curve data, pore size distribution were done by using BJH pore 

size distribution curve. 

2.3.3 Spectroscopy techniques 

2.3.3.1 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR is used for the determination of structure or the vibration mode of the sample. 

Infrared region of electromagnetic spectrum covers the range from 1 to 1000 microns (in 

terms of wavelength). This range divides into three regions; Near IR (12500  4000 cm-1), 

Mid IR (4000  200 cm-1) and Far IR (200  10 cm-1). Infrared region 1300-900 cm-1 is 

referred as fingerprint region [150].  

The atoms in molecules are not stationary and are considered as point masses which 

masses from their mean positions are always the sum of displacements due to a particular set 

of vibrations. In the set of vibrations if the masses are in phase and their motion is such that 

the centre of gravity of the molecule remains unaltered then these vibrations are known as 

fundamental modes of the molecule. Vibrations are classified as stretching and bending 

vibrations. Bending vibrations are further sub classified as wagging, rocking, twisting, or 

scissoring. Along with fundamental modes a large number of vibrational absorptions 

1 2 3 4 

1 - 2 5  6 etc) can also be observed in a typical infrared 

absorbance spectrum [151]. Only those vibrations which results in the change in dipole 

moment of molecule show absorption in IR region [152]. Some of the vibrations may not 
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result into change in dipole moment, hence IR inactive. Intensity of absorption band is 

determined by the magnitude of the change in dipole moment.  

 

Fig. 2.6 Schematic of FTIR instrument. 

Fig. 2.6 represents typical ray diagram of instrument. Light from IR source is 

collimated by a collimator mirror and introduced into Michelson interferometer. This 

interferometer consists of a beam splitter, fixed and moving mirror. Beam splitter splits the 

beam into two equal halves. One part falls on a fixed mirror whereas other part falls on a 

moving mirror. The path difference between two beams is introduced by the movement of 

moving mirror which results into generation of different interferograms consisting of 

different combination of wavelengths. Signal to noise ratio is very high. Mirror is moved by a 

motor. He-Ne laser is used for the alignment of the moving mirror and to measure the path 

difference precisely. Scan time and resolution is determined by its movement. Light from the 

source after collimation passed through the interferometer and finally falls on the sample. The 

transmitted light is allowed to fall on the detector. The two main types of detectors, thermal 

and photonic (photodetectors) are used. For the present studies, DTGS (deuterated 

triglyceride sulphate) type detector was used. The interferogram obtained is in time domain 

and can be converted to frequency domain by mathematical treatment called Fourier 
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transformation. This gives a spectrum of change in intensity with respect to wavenumber. 60 

scans were recorded for a sample to obtain spectra of high signal to noise ratio. 

FTIR spectra of the all the samples were recorded in the mid IR region (4000-400 cm-

1) of the samples, at a resolution of 4 cm-1. For this purpose about 150 mg of dry KBr was 

mixed with an amount (~2.5 mg) of the sample and grounded properly to reduce the particle 

size to less than 5 mm in diameter, otherwise large particles scatter the IR beam and cause a 

slope baseline of spectrum. The mixture was then pressed into a transparent, thin pellet at 

5tons/cm2. Opaque pellets give poor spectra, because little IR passes through them. Also 

white spots in a pellet indicate that the powder is not ground well enough or dispersed 

properly in the pellets. Hence KBr pellet must be thin and transparent. These pellets were 

used for IR spectral measurements. FTIR measurements were carried out on Bomem (MB 

102) spectrometer. 

2.3.3.2 Raman Spectroscopy 

Raman spectroscopy is a spectroscopic technique used to study vibrational, rotational 

and low-frequency modes in a system. In Raman spectroscopy technique, molecules scattered 

monochromatic light incident on it. Only 0.01% of incident light gets scattered by molecule 

hence intense energy source like laser is required. Three different lines are observed in 

Raman spectrum, i.e. Stokes line, anti-Stokes line and Rayleigh scattering [150]. When light 

impinges on sample, molecule gets excited from the ground state to the virtual state as shown 

in Fig. 2.7. Rayleigh scattering occurs when the molecule is in ground state and excited to the 

virtual state and relaxed to the same ground state. When the molecule from the ground state 

excited to the virtual state and come back to the excited state of the ground state, then it is 

called as Stokes Raman scattering. If the molecule is already present in the excited state of 

ground state and relaxed by coming to the ground state, then it is called as anti-Stokes Raman 
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scattering. Intensity of anti-Stokes line is poor as compared to Stokes line as few molecules 

are present in the excited state of the ground state. 

 

Fig. 2.7 Schematic representation of Raman scattering  

For the molecule to show Raman effect there must be a change in the polarizability  

the deformation of electron cloud with respect to vibrational coordinate. Intensity of Raman 

scattering depends on the amount of polarizability change. 

Generally, a laser beam falls on the sample and the scattered light is collected and 

sends through the monochromator. Wavelengths near to incident light as a result of Rayleigh 

scattering are filtered out and remaining wavelengths are allowed to pass through detector. In 

this thesis work, Raman spectra were recorded using 532 nm lines from a diode Nd: YAG 

using an indigenously built 0.9 m single monochromator, coupled with a super notch filter 

and detected by a cooled charge couple device (CCD, Andor Technology). A resolution 

limited line width of 3 cm-1  
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2.3.3.3 Nuclear Magnetic Resonance Spectroscopy (NMR) 

NMR gives structural information and chemical environment around a particular 

nucleus in a molecule. Nuclei with odd atomic number have nuclear spin. A nucleus is a 

charged particle in motion hence it will develop a magnetic field. 1H and 13C has nuclear spin 

of 1/2 hence behave as a tiny bar magnet. They are oriented randomly in absence of magnetic 

field. When the magnetic field is applied they orient themselves line up parallel to the applied 

field, either spin aligned or spin opposed. The most populated state is low energy state where 

the nucleus has spin aligned in the direction of magnetic field. By applying the energy it is 

possible to transfer the nucleus to higher energy level. The energy difference between the two 

levels falls in the range of radiofrequency. 

2.3.3.3.1 Chemical shift 

Applied magnetic field induces an electronic orbital angular momentum which results 

into the generation of small magnetic field. Because of this generated magnetic field the 

actual magnetic field felt by the nucleus is different from that of the applied. Hence different 

nuclei absorbs in different region which depends on their electronic environment around 

them. of nucleus is defined as the difference between resonance 

frequencies of sample to that of standard and is given as follows  

                                                                                                            17 

Where,  and  are the resonance frequencies of sample and standard respectively. 

2.3.3.3.2 Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR) 

Molecular motion averages out anisotropic effects and dipolar interactions in solution 

NMR spectroscopy. This is not the case with solid state NMR spectroscopy hence broadening 

in NMR spectra of solid is observed. This broadening is a result of following interactions (i) 
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magnetic interactions of nuclei with the electron cloud present in its surrounding, (ii) 

magnetic dipole  dipole interactions between nuclei and (iii) interactions between electric 

quadrupole moment and electric field gradient in the surrounding. Broadening arises because 

of these interactions make NMR spectra unsuitable to get useful information. By using some 

experimental strategies, it is possible to average out these interactions in solid state NMR. 

One of the techniques is magic angle spinning nuclear magnetic resonance (MAS NMR) 

technique. 

In this technique powder sample is rotated at high speed at an angle of 54.7° (magic 

angle) to applied magnetic field. This helps in reducing the line broadening which appears 

due to the above mentioned interactions. As all these interactions contains the angular term of 

(3cos2 -1) which becomes zero at  = 54.7°. This makes solid state NMR simple as a result 

of reduction of line broadening. Hence individual chemical environments can be correlated 

with corresponding chemical shift values obtained from these samples [153,154].  

Although, MAS is an efficient technique employed for getting high resolution NMR 

patterns from solid samples, in many cases, due to spinning, sidebands, which are mirror 

images of the isotropic peak and spread from the isotropic peak by integer multiples of the 

spinning frequency, appear along with the central isotropic peak for nuclei having wide range 

of chemical shift values. The central isotropic peak can be identified by varying the spinning 

speeds and observing the consistency of line positions as the positions of isotropic peaks do 

not shift with change in spinning frequencies. For nuclei having a nuclear spin value ½, 

sideband pattern is a measure of the chemical shift anisotropy and valuable information 

regarding the symmetry of the electronic environment around a probe nuclei can be obtained 

from the intensity distribution of sidebands. However, in the presence of large number of 

isotropic peaks, the number of sidebands also increases, and there can be overlap between the 

sidebands and isotropic peaks, which makes the MAS NMR pattern complicated. 
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In Chapter 7, 13C MAS NMR spectra of g-C3N4 recorded on AVANCE 400 MHz 

machine with a 13C basic frequency of 100.57 MHz. 

2.3.3.4 Diffuse Reflectance Spectroscopy (DRS) 

UV-Visible diffused reflectance spectroscopy used for characterization of optical and 

electronic properties of different solid materials. The band gap of powdered material can be 

determined by using UV-Visible Diffuse Reflectance Spectroscopy. This method is also 

useful to get information about oxidation state and co-ordination environment around 

transition metal.  

Semiconductors which are used as photocatalyst shows band gap in the range of near 

IR, visible and UV-Visible region. Band gap of semiconductor is either of direct band gap or 

indirect band gap. Minima of the conduction band and maxima of the valence band are 

characterized by crystal momentum (k-vector) in the Brillouin zone. The material can be 

characterized as the direct band gap if the momentum of electrons and holes is alike in both 

conduction and valence band. In case of indirect band gap, momentum of electrons and holes 

is different in both conduction and valence band. Radiative recombination is fast in direct 

band gap material whereas it is very slow in case of indirect band gap material.  

When light falls on the powder sample, it gets reflected in all direction as a result of 

different powder shapes. Light undergoes diffuse or specular reflection when it falls on the 

powder surface. Specular reflections are mirror like reflection of waves from a smooth 

surface whereas in diffused reflection incident light scattered in different angles and not at the 

same angle as in specular reflection as shown in Fig. 2.8. In diffused reflection light get 

reflected in all direction on the rough surface as a result of multiple reflections at microscopic 

irregularities such as grain boundaries inside the material. 
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Fig. 2.8 Specular reflection on smooth surface and diffuse reflection from a rough surface  

If powder absorbs light falling on it then the scattered light will have low intensity 

than the incident light. The wavelength of light at which powder do not show absorbance will 

show strong scattered light intensity than the wavelength at which powder absorbs.  

DRS instruments consist of UV-Visible spectrophotometer with an integrating sphere. 

This integrating sphere collects the diffused light from the sample and not the specular signal 

hence Kubelka Munk (K-M) theory can be applied. Kubelka Munk (K-M) function related to 

the absorption coefficient and scattering coefficient by following equation [147]. 

                                                                                                     .....2.18 

 Where ,  is Kubelka Munk (K-M) function, K = absorption coefficient 

and S = scattering coefficient.  can be measured from reflectance spectra and hence K-M 

function can be calculated using equation 2.18. 

Band gap of semiconductor can be determined using following equation.  

                                                                                              .....2.19 

Where f(R ) is -34 Js), is 

frequency of vibration (s-1), Eg band gap (eV), A is proportional constant. The value of n 

denotes the nature of transition i.e. n=1/2 and 3/2 for direct allowed and forbidden transition 

respectively and n= 2 and 3 for indirect allowed and forbidden transition respectively. 

Specular reflection 
(on smooth surface)

Diffuse reflection 
(on rough surface)
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ln(f(R )h ) against ln(h -Eg) can be plotted by taking approximate value of Eg. The 

slope of the straight line near to band edge will give the value of n [155]. By substituting the 

value of n in equation,  against h  is plotted. The intercept on X- axis gives the 

band gap value of the semiconductor. 

An optical characteristic of all samples studied in this thesis was recorded using 

spectrophotometer of JASCO model V-530 (Japan) with an integrating sphere attachment. 

Samples were scanned in range of 200-800 nm at the scanning speed of 200 nmmin-1. BaSO4 

was used as standard for recording spectra in reflectance mode. 

2.3.3.5 Photoluminescence (PL) 

Excitation of sample by photon is called as photoluminescence. In 

photolumimnescence, sample absorbs light falling on it and then re-emits.  

2.3.3.5.1 Steady State Photoluminescence Spectroscopy 

In steady state photoluminescence spectroscopy, sample on excitation of light, 

electron get excited to the allowed excited state. These electrons may get de-excited by 

emission of light (radiative process) or by non radiative process. The energy of emitted light 

depends on the energy difference between ground state and excited state and not on the 

incident light. Localized defects or impurity levels contributes to the radiative transitions 

hence the analysis of PL spectrum can give information regarding the defects or impurities. 

Their concentration can be determined from the magnitude of the PL signal. 

The light from the source passed through the monochromator and then falls on the 

sample. A portion of incident light gets absorbed by the sample and it gets transferred to the 

excited state. Some of the excited state molecule radiates energy in the form of photon and 

comes to the ground state. In all directions fluorescent light is emitted. A part of the 

fluorescence light passed through the monochromator and arrives at detector. The detector is 
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placed 90 °C to the incident light to avoid the risk of incident or transmitted light arriving the 

detector. Many light sources such as laser, photodiodes and lamp like Xenon arc, mercury 

vapour lamp are used. Photomultiplier tube (PMT) is the most commonly used detector. 

Absorption spectrum deals with the transition from ground state to the excited state 

whereas photoluminescence deals with transition from excited to ground state. Excitation 

spectrum can be obtained by plotting/ measuring intensity of emitted light versus excitation 

wavelength. This spectrum looks similar to the absorption spectrum. The wavelength at 

which maximum absorption takes place is used as excitation wavelength to get emission 

spectrum having more intense emission at longer wavelength. 

Emission spectra of all samples studied in this thesis are obtained by using Edinburgh 

having a Peltier element 

cooled red sensitive Hamamatsu R955 PMT was used to record PL with a resolution of 3 nm 

at room temperature. All emission spectra were corrected for the detector response and 

excitation spectra for the lamp profile.  

2.3.3.5.2 Time Resolved Photoluminescence Spectroscopy (TRPL) 

Time resolved photoluminescence  spectroscopy (TRPL) is useful to get information 

about recombination of lifetime of electron and hole pair generated after absorption of light. 

The average time molecule spends in the excited state before returning to the ground state is 

referred to as lifetime of excited state. The decay of excited state to the ground state can be 

given as follow: 

                                                                                                                .....2.20 

Where I(t) is intensity at time t, I0 is the intensity 

defined as the time required to drop the intensity by 1/e or 37 %. Typical decay spectrum is 

shown in Fig. 2.9. 
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Fig. 2.9 Typical spectrum of time resolved photoluminescence spectroscopy 

In terms of rate constant lifetime can be given by following formula [156].  

                                                                                                                    .....2.21 

Where, kr and knr is the radiative and nonradiative decay rate respectively. The radiative 

lifetime is the inverse of radiative decay rate.  

In steady-state photoluminescence spectroscopy sample is illuminated with 

continuous light source whereas in TRPL sample is excited by short pulses of light and 

measures the emitted light at definite time intervals after excitation by pulse. By using both 

time correlated single photon counting (TCSPC) and multichannel scaling (MCS) mode 

lifetime measurements can be done. The PL emission intensity obtained as a function of time 

is then fitted to exponential model to get lifetime of charge carrier.  

 This technique is useful to get more insight about lifetime of charge carrier in 

photocatalyst. More the charge carrier lifetime better is the photocatalytic activity of the 

sample. In Chapter 4, lifetime enhancement of charge carrier is evaluated in pn 

heterojunction NiO-TiO2 nanocomposite. In this chapter, life time measurements were carried 

out using TCSPC spectrometer (Horiba Jobin Yvon, U.K.). The samples were excited by 

light pulses from a diode laser source (  = 267 nm, repetition rate of 1 MHz for all samples 

containing TiO2 and  = 339 nm for pure NiO with instrumental response function (IRF) < 

0.75 ns), and the fluorescence was detected using a PMT (Photomultiplier tube)-based 
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detection module (model TBX4). Also in Chapter 6 and 7, lifetime improvement of g-C3N4

using CND and metal were studied in detail. In both chapters lifetime measurements were 

carried out by using Edinburgh Instruments FLSP 920 system equipped with a nanosecond 

hydrogen flash lamp as the excitation source and employing TCSPC technique.  

2.3.4 Electron microscopy techniques 

2.3.4.1 Scanning Electron Microscopy (SEM) 

When electron beam strikes the matter, mainly three phenomena occurs are (i) 

emission of secondary electron, (ii) back scattering of electrons, (iii) transmission of 

electrons. 

Emissions of characteristic X-rays, cathode luminescence and absorption of electrons 

also occur during the interaction of primary electrons with the matter. All the phenomena are 

shown in Fig. 2.10.  

 

Fig. 2.10 Schematic of phenomena occurs on interaction of electron beam with sample. 

In SEM, secondary and back scattered electrons are used to make image. In this 

technique, beam of electrons is focused on the sample [157]. The electrons reflected from the 

surface i.e. backscattered electrons and secondary electrons are detected and fed to a 

synchronously scanned CRT as an intensity-modulating signal and thus displays a specimen 
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image on the CRT screen. Image magnification is determined by the CRT raster width 

divided by the electron probe scanning width. A wide range of magnification can be used, the 

best achievable resolution being about 2 nm. Scanning microscope is made up of (i) electron 

optical system, (ii) specimen stage, (iii) display and recording system and (iv) vacuum 

system. If the sample is not conducting then it must be coated with gold or graphite in order 

to avoid built up of charge on the surface. It gives useful information about surface 

morphology, particle size, magnetic domains, surface defects etc.  

In electron microscopy, elements present in the sample also emit characteristics X-

rays of that element as a result of interaction of electron beam with the sample. These X-rays 

are detected by the silicon-lithium detector. This can give both qualitative and quantitative 

analysis of the elements (having atomic number greater than 11) present in the sample. This 

technique is known as energy dispersive analysis of X-ray (EDS or EDAX). 

In this thesis microstructure of metal oxides is studied by using SEM. In Chapter 4 

and Chapter 6, SEM was recorded using a Zeiss Gemini Plus field emission scanning electron 

microscope operated at 5 kV. 

2.3.4.2 Transmission Electron Microscopy (TEM) 

TEM uses high energy electron beam which transmitted through the sample to form 

image and analyze the microstructure with atomic scale resolution. As mentioned above after 

interaction of electrons with material, some electron gets transmitted or diffracted from the 

sample. These electrons can be utilized in TEM microscopy.  

A ray of electron produces by heating a pin-shaped cathode heated up by passing the 

current. A high voltage under ultra-high vacuum accelerates the electrons to the anode. The 

accelerated ray of electrons passes a drill-hole at the bottom of the anode. The lens-systems 

consist of electronic coils generating an electromagnetic field. A condenser first focuses the 

ray and then it allows the ray to pass through the object. The object consists of a thin (< 200 
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nm), electron transparent, carbon film on which the powder particles were dispersed. After 

passing through the object, the transmitted electrons are collected by an objective. Thereby an 

image is formed, which is subsequently enlarged by an additional lens system. The images 

can be visualized by focusing the transmitted electrons to a plane where imaging devices such 

as charge couple device CCD camera and/or fluorescence screen are placed.  

The transmission electron microscopes operated at the voltage as high as 200 kV with 

a magnification of 3,00000 X is routinely used at present. To resolve the finest possible 

details in the sample, it is advantageous to use high voltage to give the shortest possible 

wavelength illumination, an objective lens with very low aberrations and a microscope with 

extremely high mechanical and electrical stabilities. High resolution needs both high 

instrumental resolving power and high image contrast. This technique is termed as high-

resolution transmission electron microscopy (HR-TEM) [158].  

The wavelengths used in imaging microscopy are five orders magnitude smaller than 

the visible light wavelength. This means the nearly infinite resolution. But the resolution is 

limited to 1-2 Å due to aberrations inherent to electromagnetic lenses. In addition to imaging 

mode, diffraction mode is also useful which is known as selected area electron diffraction. In 

this, an interference pattern formed between the transmitted and diffracted beams is used and 

it gives information about crystalline structure, as well as defects such as planar and line 

defects, grain boundaries, interfaces, etc. Bright and dark field imaging in combination with 

electron diffraction gives valuable information regarding morphology, crystal phases, and 

defects in a material. Also composition of sample at the microscale can be determined by 

recording the EELS or EDX spectra.  

 This technique is used to study morphological features like shape, size, size 

distribution and extent of aggregation. Also, the metal dispersion was analysed in metal/g-

C3N4 sample using this technique. The samples were prepared by ultrasonicating the finely 
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ground samples in ethanol and then dispersing on a carbon film supported on a copper grid. 

FEI-Tecnai G-20 microscope operating at 200 kV was used for HR-TEM images. 

2.3.5 Gas Chromatography (GC) 

Gas chromatography is one of the separating techniques used for the separation and 

quantification of volatile or gaseous component [150]. Basic component of gas 

chromatography is column which is stationary phase, carrier gas which is a mobile phase and 

detector. 

 

Fig. 2.11 Schematic of gas chromatograph. 

As shown in Fig. 2.11 a flow of gas (mobile phase, carrier gas) is passed through a 

narrow tube known as column. A known volume of the sample or analyte is injected into the 

injection port by a microsyringe. When the carrier gas carries the analyte molecules through 

the column, adsorption of the analyte molecules takes place either onto the column walls or 

onto packing materials in the column. The rate at which the molecules progress along the 

column depends on the strength of adsorption, which in turn depends on the type of molecule 

and on the stationary phase materials. Since each type of molecule has a different rate of 

progression, the various components of the analyte mixture are separated as they progress 

along the column and reach the end of the column at different times (retention time). 

Generally, substances are identified (qualitatively) by the order in which they elute from the 
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column and by the retention time of the analyte in the column. Other parameters that can be 

used to alter the order or time of retention time are the carrier gas flow rate and temperature 

of the column. Quantitative analysis of component is also possible by comparing peak area of 

known amount of standard to that of the component. Columns are classified on the basis of 

tubing dimensions and packing material. Packed columns and capillary columns are two 

types of columns. Packed columns are 1.5- 10 m in length and 2- 4 mm internal diameter and 

typically made up of stainless steel. While capillary columns have internal diameter in the 

range of 0.1- 0.5 mm and length can be varies from 10- 100 m. The inner column walls are 

coated with the active materials (wall coated open tubular (WCOT) column), some columns 

are quasi solid filled with many parallel micropores (porus layer open tubular (PLOT) 

columns). Most capillary columns are made of fused-silica with a polyimide outer coating. 

These columns are flexible, so a very long column can be wound into a small coil. Columns 

are selected on the basis of the type of packing material, film thickness of stationary phase, 

column length and column diameter. Column is housed in an oven and its temperature can be 

precisely controlled electronically. Molecular adsorption and the rate of progression along the 

column is temperature dependant hence a careful control of the column temperature is 

required. Better separation can be achieved by reducing the temperature but it can result in 

very long elution time. In some cases temperature is ramped either continuously or in steps to 

provide the required separation. This is referred to as a temperature program. The flow rate 

can be varied by using electronic pressure control during the analysis which helps in faster 

run times while keeping acceptable levels of separation. Column temperature always has to 

be high than the injection port temperature to avoid any condensation/ deposition of analyte 

into the column.  

The choice of carrier gas (mobile phase) is important. Most commonly used carrier 

gases are Ar, He, N2, H2 and air. The selection of carrier gas depends on the detector being 
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used. Sometimes its selection depends on the sample matrix too. Also purity of carrier gas is 

depends on the detector type used for analysis. Typically, purities of 99.995% or above are 

used. Carrier gas flow rate affects the analysis in similar as that of temperature. Higher the 

flow rate faster is the analysis but lower the separation between analytes. Thus, while 

selecting flow rate one need to balance between type of separation and time required for 

analysis. In modern GCs flow rate is electronically controlled. 

 A number of detectors are used in gas chromatography. The most common are the 

flame ionization detector (FID) and the thermal conductivity detector (TCD). Both are 

sensitive to a wide range of components and both work over a wide range of concentrations. 

While TCDs are essentially universal and can be used to detect any component other than the 

carrier gas (as long as the thermal conductivities of component is different from that of the 

carrier gas at detector temperature). TCD relies on the thermal conductivity of solute passing 

around a tungsten- rhenium filament through which current flows. Generally N2 or He is used 

as carrier gas due to their relatively high thermal conductivity which helps to keep the 

filament cool and maintain uniform resistivity and electrical efficiency of filament. When the 

components with the mobile phase elute from the column, thermal conductivity decreases. 

This decrease in thermal conductivity causes rise in filament temperature and resistivity 

resulting in fluctuations in voltage. Detector sensitivity is proportional to filament current and 

inversely proportional to the temperature of that detector and flow rate of the carrier gas. H2 

has relatively high thermal conductivity. For H2detection, He or N2 can not be used as carrier 

gas as they have relatively high thermal conductivity. Hence Ar as carrier gas which has 

relatively low thermal conductivity is recommended for better sensitivity.  

FIDs are sensitive primarily to hydrocarbons and are more sensitive to them than 

TCD. However, FID cannot detect water. Both detectors are also quite robust. Since TCD is 
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non-destructive, it can be operated in-series before an FID (destructive), thus providing 

complementary detection of the same components. 

In this work, GC is used for separation and quantification of gaseous mixture 

produced after photocatalytic reaction. In chapter 3, 4 and 6, a gas chromatograph of model 

Michro-1100, Netel, India equipped with a thermal conductivity detector (TCD), a molecular 

sieve column with argon as the carrier gas was employed in the isothermal temperature mode 

at 50 °C oven temperature. While in chapter 5, 7 and 8, a gas chromatograph of model GC 

2010 plus, Schimadzu, Japan equipped with a Carboxen column (0.32 mm ID, 30 m length) 

was employed in the isothermal temperature mode at 35 °C oven temperature. 

2.3.6 Thermal analysis techniques 

Thermal analytical methods are important to investigate phase changes, 

decomposition and chemical changes by heating the sample. 

2.3.6.1 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) is a technique which measures the change in 

weight with respect to time or temperature. Loss in weight occurs during heating as a result 

of evolution of water/ volatile content (such as O2, CO2 etc.) while gain in weight can occur 

in case of oxidation or adsorption of gases. Also thermal stability of compound can be 

determined using this technique. 

2.3.6.2 Differential Thermal Analysis (DTA) 

In DTA, sample and thermally inert reference like Al2O3 are heated at a controlled 

uniform heating rate in a furnace. Temperature difference between sample and reference is 

recorded. This difference in temperature is plotted against time or temperature. Exothermic or 

endothermic reactions can be detected with respect to inert reference. Exothermic reactions 

shows upward peak whereas downward peak is due to endothermic reactions. DTA data also 
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provides information about transformations such as glass transitions, crystallization, melting 

and sublimation. Area under the DTA peak gives the enthalpy change and it is unaffected by 

the heat capacity of the sample. 

2.3.6.3 Evolved Gas Analysis (EGA) 

Evolved gas analysis (EGA) involves analysis of gases evolved during heating of the 

sample. Coupling of TGA or DSC technique with different analytical methods such as FTIR, 

mass spectrometer, gas chromatography or optical in-situ evolved gas analysis can be used.  

In chapter 5, gases evolved during heating of C@TiO2 sample in presence of air were 

determined by using TGA coupled EGA. Thermal stability of g-C3N4 was evaluated by using 

TGA and mentioned in Chapter 7. 

2.3.7 Inductively Coupled Plasma- Optical Emission Spectroscopy (ICP-OES) 

ICP-OES is an analytical technique used for the detection and quantification of 

chemical elements. It is a type of emission spectroscopy which uses the inductively coupled 

plasma to produce excited atoms and ions that emit electromagnetic radiation at wavelengths 

characteristic of a particular element. From the intensity of emitted light, concentration of 

metal ion in the sample can be determined. 

The elemental analysis of Cu, Ni, Ti, Pt, Pd, Au and Ag present in the samples were 

done using ICP-OES (JobinVyon JY 2000, France) after microwave digestion of sample in 

concentrated HNO3 HCl (aqua regia).  

2.4 Evaluation of photocatalytic activity 

2.4.1 Experimental conditions 

The potential of the catalyst synthesized in this study was evaluated for H2 generation. 

For this, a particular amount of sample was dispersed in a solution of water and sacrificial 
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reagent. The resultant solution was evacuated before irradiation to provide air free conditions 

as oxygen acts as an electron scavenger and, on photo-adsorption, blocks the active sites for 

the reaction. This evacuated solution was irradiated under different light sources.  

As mentioned in Chapter 1 presence of sacrificial reagent is important to reduce the 

recombination of electron-hole pair recombination. In case of TiO2 and g-C3N4 system 

methanol and triethanolamine was used as sacrificial reagent respectively. The reactor 

assembly used in the reaction and emission spectra of different sources are explained below 

in brief.  

2.4.2 Photoreactor  

Two different types of photoreactors of different geometry were used to carry out the 

reaction. Photographs of these photoreactors were given in Fig. 2.12a, b and c. A rectangular 

quartz photoreactor having a capacity of 81 ml (10 x 2.1 x 2.1 cm3) is shownin Fig. 2.12a. 

The illumination area of this reactor is 20 cm2. 
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Fig. 2.12 Photocatalytic H2 evolution under direct sunlight in different size of reactors. a. 
quartz reactor of 81 ml capacity, b. a pyrex cylindrical reactor of ~1 L (990 ml) capacity and 
c. a beaker type pyrex photoreactor of ~2 L (1963 ml).  

To scale up the reaction under sunlight different reactors with different volume and 

geometry were constructed. Fig. 2.12b shows the tubular pyrex photoreactor of ~ 1L (990 ml) 

capacity having width of 30 cm and height of 7 cm with illumination area of 141 cm2. 

Another reactor with higher illumination area and different geometry were made. Fig. 2.12c 

shows the circular pyrex photoreactor of ~2 L (1963 ml) capacity having width of 15.3 cm 

and height of 12.5 cm with illumination area of 172 cm2. All the photoreactors are equipped 
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with samp

valve to purge the reaction solution with inert gas like argon or evacuate the solution before 

irradiation. The solution in 1 L reactor or 2 L reactor is difficult to evacuate. Hence purging 

with inert gas is preferred to remove any dissolved gases. 

2.4.3 Photoirradiator  

Horizontal and vertical photoirradiator assembly is shown in Fig. 2.13. Lamp and 

reactor was kept parallel in both assemblies. The lamp is surrounded with water circulation 

jacket to absorb IR irradiation.  

 

                                         a.                                                               b. 

Fig. 2.13 Pictorial representation of side view of a) vertical geometry: photoreactor and light 
source both are standing vertical and b) horizontal geometry: photoreactor and light source 
are in horizontal position.  

All the reactions were carried out in horizontal assembly as this geometry helps to 

provide better illumination area as compared to the vertical assembly. In Chapter 6, the 

different experimental parameters and effect of different assembly on evaluation of 

photocatalytic activity were studied in details. 

2.4.4 Light sources 

Photocatalytic reaction was evaluated under different light sources and they are 

described in details below.  
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2.4.4.1 UV-visible source 

For UV-visible irradiation, medium pressure mercury vapour lamp was used. The 

emission spectrum of UV-visible lamp is given in Fig. 2.14. To carry out UV-visible reaction, 

81 ml reactor was used whose details are given above. 

 

Fig. 2.14 UV-visible emission spectrum of medium pressure mercury vapour lamp. 

2.4.4.2 Visible light source 

Experiments were carried out by using visible light source, to eliminate the UV light 

and measure the photoresponse of catalyst for H2 generation in visible light. Here 400 W 

medium-pressure Hg lamp, SAIC, India was used as visible light source. The emission 

spectrum of visible lamp is shown in Fig. 2.15. The emission spectrum of visible light source 

with wavelengths greater than 400 nm, max= 536 nm. Horizontal assembly is used in this 

experiments which is explained above by replacing UV lamp with visible light source.  

300 400 500 600 700 800

Wavelength (nm)



79 
 

 

Fig. 2.15 Emission spectrum of visible medium pressure mercury lamp (SAIC, India, 400 W)  

2.4.4.3 Sunlight  

To check the feasibility of catalyst for practical application experiments were carried 

out under actual sunlight irradiation. The experiments were performed on the terrace of our 

institute. Sunlight consists of ~4 % UV, 45-48 % visible and remaining is infrared portion of 

light. The solar spectrum is given in Chapter 1 in Fig. 1.2.  

In sunlight all the three reactors were used to evaluate photocatalytic activity of the 

catalyst. Sunlight is not constant it varies through a year. The effect of flux variation on H2 

generation was studied in detail during different months and mentioned in Chapter 6. The 

effect of cloudy and sunny day on H2 yield was also monitored and included in Chapter 6. 

Also the illumination hours were optimized during a day and found that illumination during 

11:00 to 15:00 IST is more effective.  

2.4.5 Measurement of flux using Si photodiode  

The flux of sunlight, UV-Visible lamp and visible lamp were measured using a silicon 

photodiode based light meter LX 1108, Lutron Electronic. Fig. 2.16 shows spectral response 

of silicon photodiode used in light meter.  
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Fig. 2.16 Typical silicon photodiode spectral response of light meter.  

Solar flux was measured daily in the peak hours and the average recorded during 

11.00-15.00 IST were used for AQE and SFE measurement. Day to day flux variations of 

sunlight were recorded using a light meter. The lux of UV-visible and visible light source was 

measured by placing lux meter near the photo reactor. The number of photons falling on the 

reaction cell or flux of UV-Visible medium pressure mercury lamp was determined to be 19 x 

104 Lux in horizontal geometry irradiation of UV-visible photoirradiator. Flux of visible lamp 

was determined to be 9.84 x 104 Lux.  

The H2 yield quantified by using GC equipped with TCD detector and lux of light 

source measured is used for the determination of efficiency of reaction. 

2.4.6 Efficiency calculation  

2.4.6.1 Apparent Quantum Efficiency (AQE) 

Emission spectrum of medium-pressure mercury lamp was recorded in the 

wavelength range of 200-800 nm as shown in Fig. 2.14 and 2.15. For polychromatic light, 

energy of a single photon was considered as the weighted average energy (Ea) of all the 

photons in the range of 300-600 nm. For this, contribution of i (i 

varying from 300-600 nm) towards the total energy was calculated as  

                                                                                                         .....2.22 
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.....2.23

Total light intensity incident at the sample position in horizontal geometry was 

measured using a calibrated lux meter as mentioned above. It was also corrected for the 

reactor surface area exposed to light, assuming uniform intensity distribution, over the 

powder dispersed in the solution of water and sacrificial reagent. The fraction of light 

intensity in the wavelength region between 300 to 600 nm only was considered for the 

calculation of quantum efficiency as the absorption of light above 600 nm was negligible. 

The incident light intensity in the range of 300-600 nm (Em) was obtained by multiplying the 

total incident intensity with the ratio of the area in 300 - 600 nm range to the total area of the 

emission profile. Finally the apparent quantum efficiency is given by following 

expression 

                                                                                         .....2.24 

Where,  

Similarly AQE was also calculated for the photocatalytic reaction performed under 

sunlight using flux values. The average flux values measured in the interval of one hour 

during time window of 11.00-15.00 IST were taken for efficiency measurement. 

2.4.6.2 Solar to Fuel Efficiency (SFE)  

Solar to Fuel (SFE) energy conversion efficiency in sunlight was calculated by using 

following formula: 

                                               X 100                                                    .....2.25 

 
Where rH2 is the rate of hydrogen generation ( mol/h), Psun energy flux of solar light (W/m2) 

measured as mentioned above and S is the area of the reactor (m2). 
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3 Chapter-3                                                                           

Sunlight Driven Photocatalytic Hydrogen Generation over 

Cu Substituted TiO2 and Nano-composites of CuO-TiO2 

Powders 

3.1 Introduction 

As discussed in the introduction chapter, TiO2 is an attractive material as 

photocatalyst owing to its optical and electronic properties, high resistance to photocorrosion, 

stable to wide range of pH, non-toxic and low cost. Despite of having these properties high 

recombination rate as well as its band gap of 3.2 eV restricts its use for sunlight application. 

There are many strategies for the improvement of visible light response hence photocatalytic 

activity of TiO2 [159 164]. One of the effective methods is band gap engineering by doping 

with cation. The cationic dopants add impurity levels in the conduction band of TiO2 

modifying its electronic structure. These defects and dopants create sub-band states in the 

band gap of TiO2 and shift the absorption edge of TiO2 towards the visible region, thus 

enhancing the visible light photoactivity.  

The advantages of transition metal ions is attributed to their behaviour as electron 

scavengers via Mn+ +e-
cb  M(n-1)+ where Mn+= Cu2+, Mn3+, Fe3+. Cu has been considered to 

be important owing to the narrow band gap energies of its oxides (cupric oxide, CuO 

possesses 1.4 eV and cuprous oxide, Cu2O possesses 2.2 eV) and their high light absorption 

coefficients [165 170]. As a p-type semiconductor with narrow band gap, cupric oxide has 

found use in a wide range of applications. Nanocrystalline CuO exhibits improved optical, 

electronic and catalytic properties that differ from those of bulk CuO [170,171]. Hara et al. 

[172] introduced Cu2O powder as a p-type visible light photocatalyst that unlike electrodes 
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does not photodegrade for overall water splitting. Since then, copper oxide has been 

considered as a potential photocatalyst and has been extensively studied. The absorption of 

visible light by Cu2O or CuO greatly extends the wavelength range of TiO2 when coupled; 

therefore further enhancing the efficiency of solar energy usage. Cu doping can also 

effectively reduce the wide band gap of TiO2 by creating defects and d-band states of Cu in 

TiO2 and can also act as active trap centres of electrons to reduce carrier re-combination 

[173]. Cu-doped TiO2 or CuO/TiO2 composites serve as an efficient photocatalytic material 

in the degradation of gas phase alcohols [174], 4-nitrophenol [175], acid orange [176], low 

concentration of mercury[177], SO2 and NO removal etc. [178]. Wang et al. [179] have 

reported that the Cu-doped TiO2 thin films exhibited enhanced photocatalytic activity 

compared to the reference TiO2 thin film, for the degradation of methylene blue (MB) 

solution under simulated solar-driven irradiation. Cu-doped TiO2/ graphene composites can 

also effectively photodegrade methyl orange (MO), and show an excellent photocatalytic 

enhancement over pure TiO2 [180]. The role of surface/ interfacial Cu2+ sites in the 

photocatalytic activity of coupled CuO-TiO2 nanocomposites is emphasized by Li et al. 

[181]. Recently, Singhal et al reported the photocatalytic H2 generation over Cu2O oxides 

prepared by various simple one pot synthetic routes using inexpensive precursors [182]. 

Photocatalytic properties determined by the combined effect of the surface area, porosity and 

crystallinity of the Cu2O nanocrystals achieved with different synthetic routes were 

discussed. 

 In the present chapter we will discussed investigations on TiO2, a series of doped 

CuxTi1-xO2-  (x= 0.0, 0.02, 0.06) and composites, xCuO:yTiO2 (x:y= 1:9, 2:8, 5:5) and 

compared their activities for photocatalytic H2 generation under sunlight and UV visible 

light in identical conditions. Structural, electronic, optical and surface properties were 

characterized by relevant techniques. The role of Cu ions as a dopant or as a composite in 
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enhancing the photocatalytic properties of TiO2 was investigated by ex-situ characterization

of both fresh and used catalysts. Apparent quantum efficiency (AQE) and solar to fuel 

efficiency (SFE) of the photocatalysts under different conditions were calculated.  

3.2 Experimental 

3.2.1 Synthesis of catalyst/ co-catalyst 

Nanoparticles of TiO2 and doped CuxTi1-xO2-  (x= 0.0, 0.02, 0.06) and composites, 

xCuO:yTiO2 (x:y= 1:9, 2:8, 5:5) with nominal compositions were synthesized through sol-gel 

method by mixing reactants in appropriate stoichiometry as depicted by following equation: 

                 x Cu(OAc)2 .3H2O + (1-x) Ti(OC3H7)4 (1-x)CuxO(2- )                               .....3.1 

Cupric acetate trihydrate (>99 %, SDFCL, s d fine-chem Ltd), titanium tetraisopropoxide 

(TTIP, 97 %, Aldrich) and propan-2-ol (AR>99.5 %, SDFCL, s d fine-chem Ltd) were used 

as received. For 2 mol% Cu doped TiO2, 30 ml of propan-2-ol and 7.2 ml of TTIP was mixed 

to prepare solution A. Another solution referred as B containing 0.0908 g of cupric acetate 

dissolved in 10 ml distilled water was also prepared. Solution A was added drop wise to the 

solution B under constant stirring till a gel was formed. The gel was left overnight 

undisturbed for nucleation to take place. After nucleation, the gel was heated at 50 °C, stirred 

and was vacuum dried for ~1 h to remove the moisture from the sample. The dried sample 

was heated in oven at 100 °C for ~1 h. Further, the sample was calcined at 500 C for 5 h at a 

heating rate of 2 °C min-1 in air to ensure the uniformity and the completion of the reaction. 

The typical synthesis route of 2 mol% Cu doped TiO2 oxide (Cu0.02Ti0.98O2- ) is shown in Fig. 

3.1. Remaining samples were synthesiszed by varying amount of copper. Depending on Cu 

content, white to brownish-black to black coloured photocatalyst powders were obtained.  
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Fig. 3.1 A schematic of procedure followed to synthesize Cu0.02Ti0.98O2-  powder by sol-gel 
route.  

To further improve the photocatalytic hydrogen production, Pt as cocatalyst (~1 % by 

weight) was loaded on the CuxTi1-xO2-  (x= 0.02 and 0.06) samples, by the photo-deposition 

method. For this purpose, 0.1 g of the catalyst was mixed with 25 ml of water, 5 ml of 

ethanol and 2.5 ml of chloroplatinic acid hexahydrate (H2PtCl6.6H2O, 0.002 M). The 

resulting reaction mixture was evacuated in a quartz cell and then irradiated under medium-

pressure mercury lamp (Hg, Ace Glass Inc., 450W) for about 3 h. After irradiation, the 

solution was washed with ethanol, filtered and the residue was dried in an oven at 100 °C.  

3.2.2 Characterization 

Cu-Ti samples were characterized by relevant techniques which are explained in 

detail in Chapter 2. Powder XRD patterns were recorded on a Philips diffractometer (model 

PW 1710), equipped with a graphite monochromator and Ni-filtered Cu-K  radiation. The 

Cupric acetate trihydrate + water

Titanium isopropoxide + isopropanol

Allow to form gel

Drying of gel

Calcined at 500 C/4h

Slow mixing at  
room temperature

Cu0.02Ti0.98O2-

Solution A

Solution B
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crystallite size was calculated from the XRD line width using the Scherrer equation. The 

profiles of the XRD patterns were refined by the Rietveld method using GSAS software 

package. The background of the diffraction data was modelled by linear interpolation of 

selected points to create a smooth varying background pattern. The profile was fitted with 

Pseudo-Voigt function with one asymmetry and high and low broadening parameters. The 

scale, unit cell parameters and profile parameters were refined to match the observed and 

calculated intensity of the diffraction data. N2- BET surface area was measured with a 

Quantachrome Autosorb-1 analyser using nitrogen as the adsorbing gas. The elemental 

analysis of Cu and Ti present in the oxide samples was evaluated using ICP-OES (JobinVyon 

JY 2000, France). Raman spectra were recorded using 532 nm lines from a diode Nd: YAG 

using an indigenously built 0.9 m single monochromator, coupled with a super notch filter 

and detected by a cooled charge couple device (CCD, Andor Technology). A resolution 

limited line width of 3 cm-1 

semiconductor oxide samples was estimated by recording their diffuse reflectance UV-visible 

spectra using a spectrophotometer of JASCO model V-530, Japan, scanned in the range of 

200-1000 nm at the scanning speed of 200 nmmin-1. High resolution TEM /SAED images 

were recorded on FEI-Tecnai G-20 microscope operating at 200 kV. EXAFS measurements 

of the Cu doped TiO2 samples at the Cu K edge were carried out in fluorescence mode at the 

Scanning EXAFS Beamline (BL-9) at the INDUS-2 Synchrotron Source (2.5 GeV, 100 mA) 

at the Raja Ramanna Centre for Advanced Technology (RRCAT), Indore, India [144 146]. 

The beam line uses a double crystal monochromator (DCM) in the photon energy range of 4-

25 KeV with a resolution of 104 at 10 KeV. XPS experiments were recorded on an electron 

spectrometer (SPECS, Surface Nano Analysis GmbH, Germany) using Mg- K X-rays 

(h =1253.6 eV) as the primary source of radiation with an overall energy resolution of the 
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instrument of about 0.7 eV. The appropriate corrections for charging effects were made with 

the help of a C 1s signal appearing at 284.5 eV. 

3.2.3 Photocatalytic activity 

Photocatalytic activity of all the samples were evaluated under sunlight and UV-

visible light as mentioned in chapter 2. In this, 100 mg of photocatalyst was dispersed in 

water and methanol solution (33 % v/v) and solution was evacuated and illuminated under 

UV-visible light source (450 W medium pressure Hg lamp). H2 generated was monitored 

after every 2 h of interval by using gas chromatography equipped with TCD. In similar way 

H2 production activity of the catalyst was evaluated by irradiating the reaction mixture under 

sunlight illumination from 11:00  15:00 IST. Evolution of H2 bubbles were observed during 

sunlight illumination. By using the lightmeter flux value of UV lamp as well as variation of 

flux in a day was measured during the illumination time in sunlight. These flux values were 

used to calculate AQE and SFE by using formula mentioned in Chapter 2. 

3.3 Results and discussion 

3.3.1 XRD 

XRD patterns of nanosized TiO2, CuO, CuxTi1-xO2-  as a function of x synthesized by 

sol-gel route are shown in Fig. 3.2. The XRD pattern of the undoped sample shown in curve 

a, coincides with that of anatase, TiO2 (JCPDS No: 21-1272). It crystallizes in the tetragonal 

space group with a = 3.785(1) Å, c = 9.501(1) Å, cell volume = 136.13(1) Å3 and Z = 4. An 

additional weak line at 30.8° corresponding to hkl90 of brookite phase (JCPDS 29-1360) was 

observed. hkl100 of brookite coincides with hkl100 of anatase phase. Curve g matches with 

tenorite CuO (JCPDS card No. 05-0661) having monoclinic phase with a = 4.684 Å, b = 

3.425 Å, c = 5.129 Å, cell volume = 81.16 Å3. XRD patterns of Cu2+ substituted TiO2 are 

represented in the curves b to f. XRD patterns shown in curves b-c reveal that aliovalent 
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substitution of Cu2+ ions in TiO2 has resulted in single-phase compositions with TiO2 phase 

referred as doped samples. While, 

presence of additional weak reflections at 2  = 35.5°, 38.7°, 48.7°, marked as * in their XRD 

patterns (curves d-f) was observed. These were identified and attributed to the monoclinic 

CuO phase (JCPDS card No. 05-0661). The XRD lines due to the CuO phase are prominently 

observed in CuTi(5-5). Thus, Cu2+  % has resulted in mixed phased samples comprised 

of TiO2 and CuO. 

 

Fig. 3.2 XRD patterns of different Cu-Ti-O samples synthesized by sol gel calcined at 500 °C 
for different values of x. Line broadening ( , FWHM)  increases and shift towards lower 2  
angles was observed with increase in Cu content. $ Brookite, # Anatase TiO2, * Tenorite 
CuO. 

In this chapter, the biphasic oxide samples composed of CuO and TiO2 phases are 

referred as composite sample viz; CuTi(1-9), CuTi(2-8) and CuTi(5-5). The number in 

parentheses indicates the nominal composition of CuO and TiO2 in each sample. The nominal 

compositions, extent of substitution (x), phases identified and the lattice parameters indexed 

by Rietveld refinement for the various Cu substituted samples along with their abbreviations 

are given in Table 3.1. XRD profiles of composite samples were refined by Rietveld method. 
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CuTi(1-9) could not be fitted for CuO due to low counts (Fig. 3.3). However, lattice 

parameters could be generated for TiO2 in CuTi(1-9) as given in Table 3.1. 

 

Fig. 3.3 Profile of the XRD patterns of Cu (1-9) composite sample were refined by Rietveld 
method using GSAS software package. Inset presents the parameters derived for CuTi 
composites by Rietveld method using GSAS software package.  

Rietveld refined curves along with difference patterns were generated for other 

composite oxides also CuTi(2-8) and CuTi(5-5). All observed XRD reflections have a good 

fit with the calculated pattern in CuTi(2-8) and CuTi(5-5) samples. The lattice parameters 

generated for both the phases CuO and TiO2 present in CuTi(2-8) and CuTi(5-5) are listed in 

Table 3.1. The vertical lines in these figures represent the Bragg angles at which planes due 

to both the phases appear. Using this software, each phase was quantified in its respective 

composite sample by considering the individual reflections of both TiO2 and CuO lines. The 

amount of individual phases, CuO and TiO2 (wt % and mole %) present in each composite 

sample are given in Table 3.1. The possibility of incorporation of CuO in TiO2 lattice cannot 

be ruled out in the composite samples. From XRD results it is evident that TiO2 lattice can 
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tolerate Cu upto 10 %. This explains that why the calculated wt % values are lower than 

expected in both the composite samples, CuTi(2-8) and CuTi(5-5). Molecular weight of CuO 

and TiO2 are nearly same 79.54 g/mol and 79.88 g/mol respectively, therefore its wt % and 

mol % ratio are identical Table 3.1. 

Table 3.1 Abbreviations, lattice parameters and phase identification of CuxTi1-xO2-  samples. 

* The Counts due to CuO are too low to be quantified. 

Nominal 
Composition 

Abbrev
iation 

Phase 
identified 
by XRD 

a (A°) 
obtained 

by Rietveld 
refinement 
for TiO2 

 
b (Å) 

 

c (Å) 

 
Volume 

(Å)3 

Wt 
(%) 
of 

CuO: 
TiO2 

a (A°) 
Obtained 

by Rietveld 
refinement 

for CuO 

    

TiO2 TiO2 
Tetragonal 

TiO2 
3.785(1)  

9.501 
(1) 

136.13 
(1) 

 

Cu0.02Ti0.98O2-  
CuTi(2) 
Doped 

Tetragonal 
TiO2 

single phase 
3.785(1)  

9.508 
(1) 

136.23 
(3) 

 

Cu0.06Ti0.94O2-  
CuTi(6) 
Doped 

Tetragonal 
TiO2 

single phase 
3.785(1)  

9.511 
(2) 

136.28 
(4) 

 

Cu0.1Ti0.9O2-  

CuTi 
(1-9) 

Compo
site 

Biphasic 
CuO and 
TiO2 (1:9 

molar ratio) 

3.785(1)  
9.490 

(2) 
135.95 

(3) 
* 

Cu0.2Ti0.8O2-  

CuTi 
(2-8) 

Compo
site 

Biphasic 
CuO and 
TiO2 (2:8 

molar ratio) 
 

3.798 (1)  
9.489 

(3) 
136.90 

(6) 

8: 92 
4.678(2) 

 
3.422(

1) 

5.130 
(1), 

 = 
99.35 

81.04 
(2) 

Cu0.5Ti0.5O2  

CuTi 
(5-5) 

Compo
site 

Biphasic 
CuO and 
TiO2 (5:5 

molar ratio) 
 

3.784(1) 
 

 
9.474(

6), 
135.63 

(9) 
39: 
61 4.678(1) 

 
3.422 

(1) 

5.130 
(1) 
99.3

4(2) 

81.04 
(2) 
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3.3.2 ICP-OES 

Further, chemical composition is confirmed using the ICP-OES technique as shown in 

Table 3.2. The experimental values are in agreement with the calculated values within 

experimental error. 

Table 3.2 Elemental analysis of Cu and Ti present in representative doped and composite 
sample evaluated by ICP-OES technique. 

S. 
No. 

Sample 
Nominal 

composition 
Experimental values 

(wt %) 
Calculated values (wt 

%) 
1. CuTi(2) Doped Cu0.02Ti0.98O2-  Cu= 2, Ti= 54 Cu= 1.59,Ti= 58.74 
2. CuTi(2-8) composite Cu0.2Ti0.8O2-  Cu= 16, Ti= 44 Cu= 15.92, Ti= 47.99 

 

3.3.3 Crystallite and particle size and morphological features 

The incorporation of a larger cation, Cu2+ (0.73 Å) in place of relatively smaller sized 

cation (Ti4+ = 0.68 Å) has resulted in morphological and bulk modifications. With the 

increase of the copper content, line broadening ( , FWHM) accompanied with decrease in 

intensity of the 101100% peak was observed. The presence of amorphous CuO is indicated. 

Choudhury et al [173] have reported similar effect during their investigations on pristine and 

2 %, 4 %, and 6 % Cu doped TiO2. They showed that increase in broadening and lowering in  

intensity of diffraction peak in XRD pattern were due to increase in the fraction of the 

amorphous grain boundary, containing many of the structural defects and degradation of 

structural quality or loss of crystallinity of TiO2 on Cu doping respectively. The crystallite 

sizes calculated using Scherrer equation is listed in Table 3.3. The morphological 

characteristics of Cu/Ti/O nanoparticles have been investigated by transmission electron 

microscopy (TEM). A representative low resolution image of as-synthesized and calcined 

CuTi(6) sample is shown in Fig. 3.4(a-b). Particles having amorphous centre surrounded by 

crystalline boundaries indicating short range ordering were observed in the TEM image of as-

synthesized CuTi(6) sample. Diffuse rings shown in the selected area electron diffraction 

pattern (SAED) confirms the nano crystalline nature of the sample Fig. 3.4a. Whereas, 
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distinct lattice fringes indicative of long range ordering appeared inside the crystallites of 

hexagonal morphology (marked by red outline) for calcined sample (Fig. 3.4b). Well defined 

rings with dotted SAED pattern were observed for the crystalline CuTi(6) sample.  

 

Fig. 3.4 TEM of CuTi(6) nanoparticles (a) as-synthesized (b) calcined at 500 °C. SAED 
pattern is shown as the inset in respective figures.  

Representative low and high resolution TEM images with SAED patterns of all 

calcined samples are shown in Fig. 3.5. Cu doping in TiO2, has decreased the crystallite and 

particle size considerably in agreement with other reports [183]. Due to lack of any 

stabilizing surfactants, the particles are agglomerated but it is still possible to determine the 

diameters of the particles Table 3.3, which are in the range 7-15 nm for doped and 4-9 nm for 

composite samples. A single particle with distinguishable grain boundaries and clear lattice 

fringes could be discerned within agglomerate as seen in their high-resolution images. TiO2, 

CuTi(2) and CuTi(6) (Fig. 3.5) have non spherical particles with similar morphology. All 

rings in the SAED pattern in TiO2, CuTi(2) and CuTi(6) samples were indexed for anatase 

TiO2. Both tenorite CuO and anatase TiO2 phase coexist in the particles of CuTi(2-8) and 

CuTi(5-5) confirmed by SAED pattern (Fig. 3.5). 
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Fig. 3.5 TEM (a), HRTEM (b) and SAED (c) of CuxTi1-xO2-  and CuO -TiO2 
nanocomposites. 

3.3.4 N2 BET surface area and porosity 

N2 BET surface areas, mesopore cumulative pore volumes and mean pore size 

diameter for some of the representative samples are listed in Table 3.3.  
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Table 3.3 Crystallite size, particle size, N2- BET surface area and porosity of CuxTi1-xO2- and 
xCuO:yTiO2 nanocomposites. 

 

Both Cu doped and composites have shown enhanced surface area as compared to 

TiO2 (42 m2/g). Cu doping upto 2 % resulted in formation of both micropores and mesopores 

of varying sizes Fig. 3.6.  

 

Fig. 3.6 BJH pore size distribution and pore volume curves of CuTi(2). Vpore is shown by red 
and dv/dr by blue curves. 
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Sample 

Crystallite size 
(nm) of samples 

calcined at 500 °C 
estimated by 

Scherrer equation 

Particle 
size from 

TEM 
(nm) 

Specific 
surface 

area 
(m2/g) 

BJH pore size 
distribution 

Pore 
volume 
(cm3/g) 

TiO2 20.1 15-30 42 
mesoporous 

(in all ranges upto 
100 Å) 

0.1 

CuTi(2) 12.6 7-14 73.16 
microporous and 

mesoporous (in all 
ranges upto 100 Å) 

0.071 

CuTi(6) 14.2 7-15 61.54 
Mesoporous (in 

range of 10-30 Å 
and 90-80 Å) 

0.064 

CuTi(1-9) 11.2 4-15 - - - 
CuTi(2-8) 7.4 4-9 - - - 

CuTi(5-5) 9.8 3.5-8 73.08 
Mesoporous (in 

range of 40-60 Å) 
0.184 
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With increase in copper content from 2 to 6 %, BET surface area decreased from ~73 

m2g-1 to ~61 m2g-1 due to blockage of the micropores by the copper oxide clusters formed 

over the titania surface. This is evident by decrease in cumulative pore volume from 0.071 

cm3g-1 to 0.064 cm3g-1 in CuTi(2) and CuTi(6) respectively. In case of the composite CuTi(5-

5) sample, a large proportion of pores of size 40-60 Å were formed and pore volume 

increased to 0.18 cm3g-1. 

3.3.5 Raman spectroscopy 

Raman spectra of CuxTi1-xO2-  as a function of x synthesized by the sol-gel route are 

shown in Fig. 3.7. Raman bands at 151, 200, 394, 515 and 636 cm-1 corresponding to Eg(1), 

Eg(2), B1g(1), A1g+B1g (2) and Eg(3) vibrational modes of anatase TiO2 [184,185] are seen for 

all CuO-TiO2 oxides.  

 

Fig. 3.7 Raman spectra of a) CuTi(6), b) CuTi(1-9), c) CuTi(2-8) and d) CuTi(5-5). Arrow 
marks indicate the Raman modes due to CuO. 
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The compositions with CuO upto 6 % show only the modes of TiO2. There are no signatures 

of CuO in the lower compositions as the Raman scattering cross section of CuO is very low 

compared to that of anatase TiO2. Weak Raman features due to CuO were observed in 

CuTi(2-8) nanocomposite whereas, CuTi(5-5) shows prominent Raman bands at 280 and 330 

cm-1 due to Ag and Bg(1) modes of nanocrystalline CuO, respectively [186,187]. A 

considerable increase in FWHM and the frequency of the Eg(1) mode of TiO2 is attributed to 

increased nanocrystallinity of the samples with an increase in Cu content also evident by 

TEM studies. 

3.3.6 XAS 

Consequences of Cu2+ substitution at Ti4+ sites on local environment around metal 

ions were probed using X-ray Absorption Near Edge Spectroscopy (XANES). XANES 

spectrum for sol-gel synthesized CuTi(2) photocatalyst is shown in Fig. 3.8. 

 

Fig. 3.8 Cu K-edge XANES spectra of CuTi(2) sample. Inset shows a derivative plot of the 
spectrum. 
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The spectrum exhibits absorption edges corresponding to 1s

allowed transitions in the Cu K-edge. The first peak maxima position in the derivative 

spectrum (shown as inset in Fig. 3.8) is considered as the absorption energy. Thus, the 

absorption energy of the CuTi(2) sample is 8990 eV. XANES spectrum shows a strong 

intense peak at 8997 eV that is attributed to existence of Cu(II) species [188]. Unlike the 

spectra of reported Cu2O and CuO, presence of pre-edge is not observed in the sample which 

indicates a symmetric environment around Cu cations [188,189]. It also suggests that free 

CuO or Cu2O is not present in the sample and Cu is occupying the symmetrical octahedral Ti 

sites in TiO2 lattice. 

The (r) versus r plots generated (Fourier transform range k =2.0-9.0 Å-1) for all the 

samples from the µ(E) versus E spectra following the methodology described in Chapter 2. 

The experimental (r) versus r spectra of the Cu doped TiO2 samples have been fitted with 

theoretical spectra assuming Cu cation replaces Ti cation in the TiO2 anatase structure. The 

lattice parameters and space group etc. for the anatase TiO2 structure are obtained from the 

reported values in the literature [190]. The spectra have been fitted from 1-2 Å with a Cu-O 

shell at 1.94 Å (×6). The fitting results show that the CuTi(2) is indeed a single phase TiO2 

with Cu ions replacing Ti atoms in the TiO2 matrix. The bond length, coordination number 

and distortion ( in lattice were obtained as a result of the best fitting and have been 

mentioned in inset of Fig. 3.9a.  The ionic radius of Cu2+ in six co-ordinations is 0.73 Å while 

that of Ti4+ is 0.68 Å. This suggests that if Cu2+ replaces Ti4+ in the TiO2 lattice, the resulting 

Cu-O bond length would be more than that of Ti-O bond length. However, as can be seen 

from Fig. 3.9a, the Cu-O bond lengths in the samples are less than the theoretical Cu-O or Ti-

O bond lengths of 1.94 Å. This is also evident from Ti K edge EXAFS spectrum (Fig. 3.9b) 

which shows that the peak in the radial distribution function (  versus r) at Ti sites appears 

at higher r value in case of CuTi(2) (1.36 Å) compared to pure TiO2 sample of 1.23 Å. This 
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indicates Ti-O bond length increases on Cu doping as compared to the undoped sample. 

Shortening of Cu-O bonds suggests that Cu might have been incorporated into TiO2 lattice as 

Cu3+ since Cu3+ has a lower ionic radius of 0.54 Å in octahedral coordination. However, 

characterization by XPS described in next paragraph does not support the existence of Cu in 

the +3 state on the surface. Oxygen coordination is less than nominal value of 6 in the 

neighbourhood of Cu (inset inside Fig. 3.9a) indicating creation of oxygen vacancies to 

maintain the charge balance. Presence of substitution-induced disorder/defects in lattice is 

reflected by relatively higher values of (0.006). 

 

Fig. 3.9 a. versus r spectrum at Cu K-edge of the CuTi(2) sample along 
with the best theoretical fits. Open circles are the experimental data fitted with TiO2 model as 
shown by solid continuous line. Inset shows EXAFS fitting results for CuTi(2) photocatalyst 
assuming that 2 mol % Cu2+ ions are substituted at Ti4+ sites in anatase TiO2, b. Experimental 

-edge of CuTi(2) and pristine TiO2. 

3.3.7 XPS 

X-ray photoelectron spectra of TiO2, fresh and used CuTi(2), CuTi(5-5) were 

recorded to explain the variations in oxidation states of Cu and Ti metal ions and O speciation 

(O2- and OH-) in samples before and after the photocatalytic reaction. Cu-2p3/2 and Cu-2p1/2 

lines along with satellites appear in the region of 925-960 eV and exhibits a progressive peak 
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shift towards higher binding energy with increase in oxidation state from Cu metal to Cu2O 

and CuO [190]. In the present study, as expected there is no peak in this region (925-960 eV) 

of survey scan of TiO2 sample. While in CuTi(2) and CuTi(5-5), XPS peak due to Cu -2p3/2 

and Cu -2p1/2 were observed at ~ 931.9 and 951.8 eV respectively along with weak satellite 

peak at 941.9 eV (Fig. 3.10a). 931.9 eV peak can be deconvulated into peaks ca. 931.6 and 

934.2 eV (Fig. 3.10b-d). These values of binding energies agree well with monovalent and 

divalent copper respectively [191]. The significant difference for the divalent copper line is a 

considerably larger line width (a factor of 2) and also a very intense satellite whereas both the 

mono- and trivalent copper compounds show only weak satellites [191]. These satellites have 

been attributed to shake-up transitions by ligand-to-metal 3d charge transfer. This charge 

transfer cannot occur in Cu+1 compounds and metallic Cu because of their completely filled 

3d shells. Thus, binding energies of deconvulated peaks and weakly intense satellite peak 

confirms that copper exists majorly in the +1 state and to some extent in the +2 state on the 

surface of both the CuTi(2) and CuTi(5-5) oxides. The intensity of the Cu 2p peak increases 

with increase in Cu content. However, the relative ratio of Cu+1/Cu+2 is higher in CuTi(2) as 

compared to CuTi(5-5) sample (Table 3.4). The higher concentration of Cu+2 species on the 

CuTi(5-5) surface originated most probably from the bulk CuO present in the composite 

oxide. The absence of Cu+2 in used CuTi(2) sample (Fig. 3.10d) will be discussed after the 

photoactivity results. 

Table 3.4 Elemental compositions derived from XPS study of fresh and used doped and 
composite samples. 

 

S. No. Photocatalyst Chemical composition (at %) Ratio  
Ti Cu O OH-/O-2 Cu+1/Cu+2 

1 TiO2 24.7 0 75.3 0.62 - 
2 CuTi(5-5) 19.4 5.4 75.2 1.36 1.4:1 
3 CuTi(2) 25.4 0.8 73.8 0.66 4.5:1 
4 CuTi(2)  used 21.6 0.6 77.7 1.13 No Cu+2 
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                    a.                                                                 b. 

  

                              c.                                                            d.  

Fig. 3.10 a. Overlay of XPS spectra corresponding to Cu -2p3/2 and Cu -2p1/2 lines for 
different samples. Deconvulation of Cu -2p3/2 peak in b. CuTi(5-5), c. CuTi(2) fresh and d. 
CuTi(2) used samples. 
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BE values in the range of 457.7 to 458.4 eV and 463.4 to 464.2 eV (Fig. 3.11a) for Ti 

2p3/2 and 2p1/2 respectively, in the range of 528.91 to 529.6 eV (Fig. 3.11b) for O 1s and from 

284.6 to 284.7eV (Fig. 3.11c), for C 1s core levels for TiO2, CuTi(5-5), fresh and used 

CuTi(2) can be seen. These values confirm that Ti is in the +4 state in both TiO2 and Cu-Ti 

oxides [192]. O 1s peak signal obtained from pristine as well as copper incorporated samples 

could be resolved in two spectra using a Gaussian fit as shown in Fig. 3.11b to yield a major 

peak at 529.2 eV and another one at 531.06 eV. The secondary peak was assigned to 

adsorbed hydroxy species, OH species present on the surface in addition to bulk oxide (O2-) 

species [192,193]. OH-/O2- ratios were derived from area under deconvulated peaks and the 

ratios were nearly same 0.62 and 0.66 for both the fresh oxides TiO2 and CuTi(2) 

respectively Table 3.4. However, after photocatalytic activity tests, the ratio enhanced to 1.13 

in used CuTi(2) photocatalyst. The individual peak areas shows that, the peak area of 

adsorbed hydroxyl species are almost constant, however, that of O2- has decreased after 

photocatalytic reaction. Thus, resulting in increase in OH-/O2- ratio for the used CuTi(2). pH 

was monitored before and after 12 h photocatalytic reaction in sunlight. A shift towards 

acidic side (from 6.63 to 5.4) was observed which may lead to solubilisation of Cu2+ ions 

[194] present on surface to some extent and consequently leads to decrease in O2- ion 

concentration. Changes towards acidic pH after photocatalytic activity test are due to 

probable formation of formic acid and carbon dioxide [195]. Carbon 1s peak at ~284.5eV 

was also observed in all the samples and is shown in Fig. 3.11c. However, in the used 

CuTi(2) sample, in addition to 284.5 eV another peak appeared at 292.37 eV. The presence of 

adsorbed species of the type >C=O on the surface of used CuTi(2) sample may be responsible 

for the appearance of this peak [196] Methanol gets oxidized by h+ to acid or aldehyde which 

might be adsorbed on the surface of the photocatalyst. In all other samples, the carbon 1s 

peak appearing at 284.5 eV was used to provide BE shift correction in their spectra.     
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Fig. 3.11 Overlay of XPS spectra corresponding to a. Ti -2p3/2 and Ti-2p1/2 b. O 1s and c. C 
1s lines for different samples. Broad peaks were deconvulated to quantify relatively various 
oxidation states of an element present in a sample.  

3.3.8 DRS 

TiO2 is a white coloured oxide; with increasing Cu content, the colour changes from 

white to yellow to green in single phasic doped samples whereas the colour varies from dark 

green in CuTi(1-9) to black in CuTi(2-8) and  CuTi(5-5) in case of composite samples Fig. 

3.12. The light absorption properties of CuxTi1-xO2-  (x= 0.0, 0.02 and0.06) and composite of 

xCuO:yTiO2 (x:y=1:9, 2:8, 5:5) were monitored by recording the UV-visible diffuse 

reflectance spectra shown in Fig. 3.12.  The spectrum of TiO2 falls in range of 300 to 500 nm 

with an absorption peak in the UV region at 388 nm with an optical band gap of 3.2 eV. 

When doped with copper into TiO2, a considerable shift of the peak towards the visible range 

occurred for all the samples with a broad band between 500 and 700 nm with max at ~566 

nm (Fig. 3.12b and c) and progressively max shifts to ~600 nm in CuTi(1-9) oxide (Fig. 

3.12d). This absorption band at ~566 nm is attributed to the presence of Cu1+ clusters in 

partially reduced CuO matrix, evident by XPS also [197]. However, the absorption band 

with max at ~600 nm observed in CuTi(1-9) oxide (Fig. 3.12d) indicates the crystalline and 
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bulk CuO are in octahedral symmetry [198]. DRS spectra of composite samples (curves e-f) 

are quite different from the doped samples (a-d). The spectrum of a composite sample is a 

result of an overlap of the band structures of both the TiO2 and CuO oxides. Thus, it can be 

inferred that incorporation of transition metal ions such as copper was effective for visible 

light response and can play a significant role in enhancing the hydrogen evolution [173] using 

solar energy economically.  

 

Fig. 3.12 Diffuse reflectance UV-Vis spectra of doped CuxTi1-xO2-  and CuO -TiO2 
nanocomposite samples a. TiO2, b. CuTi(2), c. CuTi(6), d. CuTi(1-9), e. CuTi(2-8) and f. 
CuTi(5-5) 

3.3.9 Photocatalytic activity 

3.3.9.1 Activity tests under direct sunlight 

Various photocatalytic activity tests were performed over pristine TiO2, Cu doped 

CuxTi1-xO2-  (x= 0.0, 0.02, 0.06) and composite xCuO:yTiO2 (x:y= 1:9, 2:8, 5:5) samples to 

monitor the photocatalytic H2 yield under different light sources and cocatalyst (Table 3.5). 
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Hydrogen bubbles were observed during irradiation in sunlight. The time dependent 

photocatalytic H2 yield under sunlight for 12 h is plotted and shown in Fig. 3.13. The samples 

suspended in water-methanol mixture were irradiated in intense sunlight of daytime for 6 h 

each for two days. All samples were found to be active. There was no increase in H2 yield 

during dark period. 

 

Fig. 3.13 Time courses of photocatalytic H2 generated over a. doped CuxTi1-xO2-  and b. 
CuO-TiO2 composites under sunlight. 

Maximum yield of photocatalytic hydrogen was obtained over 0.1 g of CuTi(2) 

sample ca. 430 moles in 12 h (rate of H2 evolution = 36.0 mol/h) as shown in Fig. 3.13a. In 

other words, 9.6 ml of H2 was generated in the 81 ml capacity photoreactor suggesting that 

more than ~10 % v/v photocatalytic H2 was generated in 12 h over CuTi(2) sample under 

sunlight. Among composite samples, maximum hydrogen yield of ~306 moles in 12 h was 

found to be generated over 0.1 g of the CuTi(2-8) sample (rate of H2 evolution = 25.5 

mol/h) as shown in Fig. 3.13b. The decreasing order of catalytic activity is as follows: 

CuTi(2) > CuTi(6) > CuTi(2-8) > TiO2 > CuTi(5-5) > CuTi(1-9) under sunlight. Although, 

photoresponse in the visible region increased with increase in Cu ion content, photocatalytic 
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hydrogen yield was not enhanced with increasing Cu content. Probable reasons to explain this 

are discussed later. The maximum AQE achieved was 3.6 % for the doped CuTi(2) sample 

and 2.5 % over the nanocomposite of CuTi(2:8) under sunlight (Table 3.5). To further 

enhance the performance of CuTi(2), 1 %w/w Pt was deposited over its surface. 

1(%w/w)Pt/CuTi(2) shows 413.0 mol/h under UV-Visible light with apparent quantum 

efficiency of 25.7 % (Table 3.5). 

3.3.9.2 Activity tests under UV-visible light 

Although AQE calculations take in account of variable solar flux, the photocatalytic 

activities of Cu doped and composite samples were compared under constant flux UV-visible 

light (emission spectrum and set-up shown in Chapter 2). The photocatalytic H2 yield over all 

samples increased in UV-visible irradiation (Fig. 3.14).  

 

Fig. 3.14 Photocatalytic activity of CuxTi1-xO2-  and CuO-TiO2 composites under UV-visible 
irradiation. 

Among the composite samples, a maximum conversion of 293.5 mol/h/0.1g with 

AQE of 18.3 % (Table 3.5) was observed over CuTi(1-9) under UV- visible light as 

compared to 6 mol/h/0.1g in sunlight. Use of the CuTi(2) sample resulted in H2 evolution 
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rate of 333 µmol/h/0.1g with AQE of 20.8 % (Table 3.5) under UV-visible illumination as 

compared to 36 µmol/h/0.1g in sunlight. Pt was photodeposited as co-catalyst over CuTi(2) to 

enhance the H2 yield to 413.0 µmol/h/0.1g and AQE rise to 25.7 % (Table 3.5). In case of Cu 

doped TiO2 samples, the decreasing order of catalytic activity under UV-visible irradiation is 

almost same as obtained for sunlight. But the order changes in case of composite samples as 

CuTi(1-9) > CuTi(2-8) > TiO2 > CuTi(5-5). This suggests that under UV-visible irradiation, a 

nanocomposite with higher TiO2 content shows the maximum H2 yield. Whereas, under 

sunlight, both the semiconductor oxides of high and low band gap (TiO2, Eg = 3.2 eV and 

CuO, Eg = 1.4 eV respectively) should be present in an optimum amount in a nanocomposite 

to maximize the photocatalytic H2 yield.  

Table 3.5 Typical values of H2 yield ( mol/h) obtained photocatalytically over CuTi(x) 
samples irradiated under different light source and conditions. 

Sample 

H2 yield ( mol/h), AQE ( % SFE (%) 

Illumination 
Area (A) 

cm2 

Sunlight 
 

UV-Visible light 
(medium pressure Hg lamp) 

0.1 g catalyst + water + 
methanol (33 % v/v, total 
volume 15ml) evacuated 
in reactor of capacity 81 

ml irradiated under 
sunlight 

0.1 g catalyst + water + 
methanol (33 % v/v, total 

volume 15ml) evacuated in 
reactor of capacity 81 ml, 

irradiated under flux of 1017 

photons/s 
TiO2 24.9 115.68, 7.2 20 

CuTi(2) 36, 3.6 333.3, 20.8 20 

CuTi(6) 34.6 291.3, 18.2 20 

CuTi(1-9) 6 293.5, 18.3 20 
CuTi(2-8) 25.5, 2.5 175.0, 10.9 20 
CuTi(5-5) 5.8 50.5, 3.1 20 
Pt/CuTi(2) 154.4,  = 5.8 413.0,  = 25.7, SFE= 2.2% 20 

 

Cu doped titanium oxides and CuTi(2) in particular, in present study were found to be 

the most efficient visible light photocatalyst. The photocatalytic activities are governed by 

enhanced surface area and porosity, light absorption, distorted structure, optimum 

concentration of defect. Enhanced surface area and porosity generated favoured the 
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photocatalytic properties of Cu-Ti oxides. Incorporation of Cu in TiO2 as a solid solution 

helps in stabilizing the more photocatalytically active anatase phase [199]. EXAFS 

investigations confirm the bulk substitution of Cu2+ at Ti4+ sites in CuTi(2) accompanied with 

more lattice distortion as suggested by  values and lengthening of Ti-O bonds as compared 

to pristine TiO2. There is no segregation of CuO or Cu2O in the doped sample as confirmed 

by absence of pre-edge absorption in the XANES spectra of CuTi(2). Charge balance and 

lower coordination number around Cu ions (inset inside Fig. 3.9) suggests generation of O2- 

ion vacancies. Distorted structures are more open and flexible, favouring charge carrier 

dynamics and enhancement in H2 yield [159,200,201]. Another reason of maximum activity 

of CuTi(2) is attributed to the maximum surface area (73 m2/g) accompanied with 

microporosity in spite of identical preparation route followed for all the samples. Lower Cu 

contents have induced favourable morphological characteristics with enhanced surface area. 

From 2 to 6 % Cu doping, there is a diminution of surface area by 20 %. The micropores are 

observed only in CuTi(2) sample whereas all other Cu-Ti oxides are devoid of micropores. 

This may be due to blockage of the pores by the copper oxide clusters formed over the titania 

surface. Thus, optimum concentration of defects and favourable morphological 

characteristics, have imparted most favourable photocatalytic properties to the CuTi(2) oxide. 

However, with increase in Cu content, activity descended. As a result of higher Cu 

incorporation, more and more defects are generated. It is well reported that defects also acts 

as recombination centres for photogenerated e- and h+. Kudo et al [22] have reported that 

process of preparation of nanopowders causes simultaneous formation of defects, these 

defects and grain boundaries acts as recombination centers for the generated electrons and 

holes, thus decreasing the photoactivity. Thus, inspite of enhanced visible light harvesting 

properties, the increase in rate of recombination reaction due to increased defect 

concentration at higher Cu content causes deterioration in photoactivity. Also, Lee et al [202] 
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have observed similar trend and have reported that with increase in Cu content, decrease in 

photocatalytic activity over Cu-Ti-O nanofibres was observed. Their results are in agreement 

with our findings. They found that 6 % Cu incorporated TiO2 is most active as compared to 9 

% and 12 %. They have attributed this trend to two reasons. One is the coverage of the host 

TiO2 semiconductor by CuO which might limit the light accessibility thus hampering the 

initiation of photocatalytic reaction. Secondly, the relatively higher crystalline defects of the 

anatase TiO2 due to the higher Cu inclusion could contribute to the overall decrease in the 

photocatalytic H2 generation as crystal defects are potential charges recombination centers 

and lower the photocatalytic activity. 

3.4 Mechanism 

Surface characterization by XPS suggests the presence of Cu+1 species predominantly 

along with small amount of Cu2+ in both doped and composite samples. Song et al. [203] 

reported the influence of oxidation state of Cu ion on photoactivity. They suggested that 

conversion of Cu0 to Cu+1 and Cu+2 progressively leads to a decrease in activity. The 

existence of Cu2+ is considered to be a recombination centre as it gets reduced by e- and then 

oxidized by h+, thus, facilitating the recombination of e- and h+,  which affects the electron 

economy adversely. Here in the present study, XPS reveals that the ratio of Cu+1/Cu+2 is more 

in CuTi(2) than in CuTi(5-5) and only Cu+1 species are present in the used CuTi(2) sample 

(deconvulated Cu2p3/2 peaks in Fig. 3.10b-d). The absence of Cu+2 in used CuTi(2) can be 

explained by following reactions: 

Cu2+ + e- Cu+1  E° = + 0.153 V                                                                                  .....3.2 
Cu2+ + 2e- 0  E° = - 1.25 V                                                                                    .....3.3 
Cu1+ + e- 0    E° = - 2.53 V                                                                                    .....3.4 
2H+ + 2e-  H2     E° = 0 V                                                                                             .....3.5 

From reduction potentials [204] values, reduction of cupric to cuprous ion is more 

favourable than water reduction. Other two reduction reactions shown in eq 3.2-3.3 are not 

possible. Under light illumination, photogenerated e- reduces Cu+2 to Cu+1 at the surface. 
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Cu2O formed on the surface with band gap of 2.2 eV, absorbs visible light photons to 

generate e-s which are transferred from CB of Cu2O to CB of TiO2 and reduces water 

molecules to evolve H2. Also presence of adsorbed >C=O species in used CuTi(2) catalyst 

(Fig. 3.11c) suggests oxidation of methanol to higher oxidation products on the surface of 

photocatalyst is taking place. Surface composition of used oxide by XPS shows that its 

surface is enriched in Cu+1 indicating the predominance of Cu2O-TiO2 type of oxides instead 

of CuO-TiO2. Colon et al. [199] reported that stabilization of Cu2O versus CuO induced 

better photocatalytic results for phenol degradation. Li et al. [205] also reported the 

improvement in photocatalytic activity on incorporation of Cu2O into the TiO2 matrix by an 

electrochemical method where surface Cu+1 species may act as the photoactive species with 

improved charge carrier properties and e-/h+ separation, leading to enhancement in 

photocatalytic H2 yield. 

3.5 Conclusion  

Doped CuxTi1-xO2-  (x= 0.0, 0.02, 0.06) and composites, xCuO:yTiO2 (x:y = 1:9, 2:8, 

5:5) were synthesized by a sol-gel method and characterized by all relevant techniques. 2-6 % 

Cu doping in TiO2 resulted in solid solutions with improved photocatalytic properties and in a 

shift in absorption edge towards visible wavelengths as compared to pristine TiO2. Dark 

green to black coloured CuO-TiO2 composites absorbed light over the whole UV-visible 

range. Cu0.02Ti0.98O2 (CuTi(2)) and CuO-TiO2 in 2:8 mol% ratio (CuTi(2-8)) were the most 

active formulations among doped and composites. Dispersion of 1% Pt as cocatalyst over 

CuTi(2) further enhanced activity to 154.4 mol/h/20cm2 or 77200 mol/h/m2 with AQE of 

5.8 % under sunlight and 25.7 % in UV-visible light. Investigations over Cu modified titania 

powders have shown that Cu2+ substitution at Ti4+ sites in TiO2, stabilized the more 

photocatalytically active anatase phase, decreased coordination number around the Cu ions, 

lengthened Ti-O bonds, induced-oxygen ion vacancies and distortion ( in lattice (from 
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EXAFS, XPS Distorted structures are more open and flexible with improved charge carrier 

dynamics and favourable photocatalytic properties. Reduction of CuO to photocatalytically 

more active Cu2O by photogenerated e- on surface of composites was evident by the absence 

of a Cu2+ peak in the XPS spectra of used CuTi(2). Based on the above results, TiO2 modified 

by Cu2+ ions is an efficient low cost visible light photocatalyst that can be targeted for large 

scale H2 production under sunlight. 
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4 Chapter-4                                                               

Investigations of Catalytic Properties of pn NiO:TiO2 

Composites: Facilitation of Charge Separation, VBO/CBO 

Estimation with Type-II Band Alignment at Heterojunctions  

4.1 Introduction 

In chapter 3 improvement of visible light activity of TiO2 by Cu doping is 

demonstrated. Amount of Cu was varied from (2- 50 mol %). Enhancement of activity was 

attributed to the role of Cu in +1 and +2 state. As explained in Chapter 1, commonly used 

strategies to impede the e-/h+ recombination of TiO2 are forming metal-semiconductor 

interface where metal acts as electron trap centre, improving crystallinity to reduce defects 

which otherwise acts as recombination centers and generation of internal electric field 

through pn or polymorph junctions [34]. Among these strategies most effective strategy to 

reduce recombination rate and enhanced visible light absorption of TiO2 is by formation of pn 

junction. Studies have revealed that synergistic effects prevail between p and n type 

semiconductors in composites leading to important electrical, optical properties and improved 

separation of photogenerated holes and electrons [206 209]. TiO2 is well known for its 

photocatalytic activity and it behaves as n-type semiconductor due to loss of lattice oxygen. 

Nickel oxide (NiO) is a p-type semiconductor and it is widely used as hydrogenation catalyst 

[210], gas sensor [211], its indirect band gap is 3.6 eV [212] still it shows absorbance in 

visible light due to d-d transition. A combination of p and n-type oxides in a composite 

sample induces pn junctions and a generalized proposed mechanism of charge separation 

over these two oxides is shown in Fig. 1.9 of Chapter 1. 
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The effect of pn junction can be verified using electric voltammetry where the 

photocurrent would be enhanced under forward bias in the presence of pn film [213,214]. 

Another novel pn junction, Ag3PO4/BiPO4 photocatalyst was found to enhance 

photodegradation of methyl orange as compared to individual oxides, ascribed to highly 

efficient charge separation of photogenerated electron hole pairs through pn heterojunction 

[215]. NiO based photocatalysts have applications in photodegradation of dyes and pigments 

[213,216], photocatalytic reduction of hexavalent chromium, Cr2O7
2- in aqueous solution 

[119,217], photo-degradation of harmful chemicals such as p-chlorophenol or gaseous 

acetaldehyde under UV light irradiation [218,219]. In spite of extensive investigations on 

photodegradation and photoreduction reactions, scanty literature on evaluating the potential 

of NiO and TiO2 system as a photocatalyst for H2 generation is available [100,220 222].  

In the present study, efforts were undertaken to prepare almost NiTiO3 free NiO-TiO2 

composites and after thorough characterization their photocatalytic properties were evaluated 

in sunlight, visible and UV-visible irradiation for decomposition of water. Nano-composites 

of NiO-TiO2 in (1:1) and (0.35:0.65) ratios, NiTiO3, TiO2 and NiO samples were synthesized 

through sol-gel method at different calcination temperatures. Co-formation of a secondary 

phase NiTiO3 and its contribution in photocatalytic activity of NiO-TiO2 composite is 

emphasized and supported by DFT calculations. Single phase preparation of NiTiO3 was also 

attempted by solid state route by using respective oxides in appropriate quantity. To establish 

the phase purity/composition, surface morphology, oxidation states, elemental quantification 

on surface and bulk, optical features, electronic properties, e-/h+ recombination profiles, 

samples were characterized by relevant techniques. Band alignment at heterojunctions of 

NiO-TiO2 oxides in composites was proposed here after calculating the valence band offset 

( Ev) and conduction band offset ( Ec). Lifetimes of photoexcited electrons and holes was 

measured by time-resolved photoluminescence in composites and compared with single 
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phased oxides, to emphasize the role of pn nanojunctions in charge carrier separation. Also, 

photocatalytic activity was evaluated by monitoring generation of hydrogen from water and 

methanol mixture in evacuated atmosphere under visible, UV-visible and natural sunlight. 

Effect of calcination temperature and subsequent formation of NiTiO3 phase on 

photocatalytic activity of NiO-TiO2 nanocomposites was investigated. Sustained H2 evolution 

for 60 h under sunlight and 35 h under visible light illumination was observed over most 

active sample. Apparent quantum efficiency (AQE) and solar fuel efficiencies (SFE) 

achieved are reported here. 

4.2 Experimental 

4.2.1 Synthesis 

Nanoparticles of oxides TiO2, NiO, NiTiO3 and composites, xNiO: yTiO2 (xmoles: 

ymoles = 1:1 and 0.35:0.65, abbreviated as NTC11 and NTC36 respectively) were 

synthesized through sol-gel method by mixing reactants in appropriate stoichiometry as 

depicted by following equation: 

xNi(NO3)2.6H2O + yTi(OC3H7)4 (TTIP) xNiO:yTiO2                                       ....4.1 

 Nickel nitrate hexahydrate, Ni(NO3)2.6H2O (>99% Loba Chemie Pvt. Ltd.), titanium 

tetraisopropoxide (TTIP, 97 %, Aldrich) and propan-2-ol (AR >99.5 %, SDFCL, s d fine-

chem Ltd) were used as received. For typical synthesis of NiO: TiO2 in 1:1 molar ratio, 3.763 

g of Ni(NO3)2.6H2O was dissolved in 50 ml ethanol and 50 ml HNO3 (5M) to prepare 

solution A. Another solution referred as B containing 3.85 ml of TTIP and 30 ml of propan-2-

ol was also prepared. Solution A was added drop wise to the solution B under constant 

stirring till a gel was formed. The gel was left overnight undisturbed for nucleation to take 

place. After nucleation, the gel was heated at two different temperatures viz; 90 °C (LT) and 

150 °C (HT) to obtain powder. The as-synthesized powders of composite samples and TiO2 
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were further calcined at 500 °C and 600 °C at a heating rate of 5 °C min-1 in air to ensure the 

uniformity and completion of the reaction. Schematic of synthesis route is shown in Fig. 4.1.

 

Fig. 4.1 Schematics of synthesis of NTC11 composite by sol-gel route. 

Synthesis of single phase NiTiO3 was attempted by sol-gel and solid state method. 

The dry powder obtained after sol-gel method in the manner mentioned above was calcined at 

600 °C for 10 h and at 850 °C for 5 h to obtain pure NiTiO3 phase. Equimolar mixtures of 

NiO and TiO2 was subjected to grinding of 40 minutes followed by heat treatment of 700 °C 

for 83 h and further heated to 1000 °C for 78 h for solid state synthesis of NiTiO3. Sample 

was grinded at intermediate levels and reaction pathway was monitored by recording powder 

XRD. Single phase NiTiO3 oxide prepared by sol-gel and solid state route are abbreviated as 

NTOsg and NTOss respectively, in the present manuscript. Pure NiTiO3 was yellow in 

colour, whereas composite oxides were found to be green in colour. NTC36 is rich in NiTiO3 

phase and therefore has yellow colour unlike green coloured NTC11. A photograph of 

samples is shown in Fig. 4.1 and Fig. 4.6.  

1 % (w/w) Pt was loaded as co-catalyst on NTC11 by photo deposition method. A 

mixture of 25 ml of water, 5 ml of ethanol and 2.5 ml of H2PtCl6.6H2O (0.002M) was added 
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to a 100 mg of NTC11. Whole solution was evacuated and irradiated in UV-visible light for 2

h. Then sample was washed to remove chloride ion content and then it was dried in an oven 

at 100 °C to remove moisture and enhance adhesion of Pt particles on catalyst surface. 

4.2.2 Characterization 

Powder X- ray diffraction (XRD) patterns were recorded on a Philips diffractometer 

(model PW 1710), equipped with a graphite monochromator and Ni-filtered Cu-K  radiation 

using accelerating voltage and current was 35 kV and 20 mA respectively. The crystallite size 

of different phases was estimated from peak broadening of the diffraction peak of 

corresponding phase by using Scherrer equation as mentioned in Chapter 2 [223]. 

Also the weight fraction of anatase is estimated by following formula: 

                                                                                                          .....4.2 

Where  f  is weight fraction of anatase in sample containing mixture of anatase and rutile 

phase, Ia & Ir is the intensity of diffraction peak of 101 plane of anatase phase and 110 plane 

of rutile phase [224] respectively. 

 XPS experiments were recorded on an electron spectrometer (SPECS, Surface Nano 

Analysis GmbH, Germany) using Mg-K X-rays (h =1253.6 eV) as the primary source of 

radiation with an overall energy resolution of ~0.7 eV. The appropriate corrections for 

charging effects were made with the help of a C 1s signal at 284.5 eV. Band offset in the 

NiO-TiO2 composite was determined by X-ray photoelectron spectroscopy (XPS) using a 

method given by Kraut et al [225].  Valence band offset ( Ev) and conduction band offsets 

( Ec) at NiO and TiO2 heterojunction was calculated by using the equation 4.3 and 4.4. 

                                                        .....4.3 

)/256.11(
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IaIr
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where and are the energy of the NiO and TiO2 core lines respectively, and  

 are the energies of the NiO and TiO2 VBMs respectively. ECL is the energy difference 

between CL of Ni2p3/2 and Ti2p3/2 core levels in the NTC11 composite.  

The conduction band offset ( Ec) was calculated by using following formula: 

                                                                           .....4.4 

 The microstructure was studied using a Zeiss Gemini Plus field emission scanning 

electron microscope (FESEM) operated at 5 kV. TEM-SAED was recorded on FEI-Tecnai G-

20 microscope operating at 200 kV. The source is LaB6 filament, the HV was at 200 kV.  

HAADF-STEM (High Angle Annular Dark Field Scanning Transmission Electron 

Microscopy) images of NTC11 were recorded using Carl zeiss Libra 200FE TEM 

microscope. Electron energy loss profile were recorded using incolumn EELS in TEM. N2- 

BET surface area was measured with Micromeritics ASAP 2020 V3.01 H analyzer using N2 

as the adsorbing gas. The pore size distribution based on desorption isotherm estimated by 

using method developed by Barret, Joyner and Halender (BJH) assuming a cylindrical pore 

model. The elemental analysis of Ni, Ti and Pt present in the oxide samples was evaluated 

using ICP-OES (JobinVyon JY 2000, France). Raman spectra were recorded using 532 nm 

lines from a diode Nd:YAG 

scattered light was analyzed using an indigenously built 0.9 m single monochromator, 

coupled with a super notch filter and detected by a cooled charge couple device (CCD, Andor 

Technology). An optical characteristic of all samples was recorded using spectrophotometer 

of JASCO model V-530 (Japan) with an integrating sphere attachment in scanning range of 

200-800 nm at the scanning speed of 200 nmmin-1. 

equipped with a 450 W Xe lamp having a Peltier element cooled red sensitive Hamamatsu 

R955 PMT was used to record PL with a resolution of 3 nm at room temperature. All 
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emission spectra were corrected for the detector response. Time-resolved fluorescence 

measurements were carried out using a time-correlated single photon counting (TCSPC) 

spectrometer (Horiba Jobin Yvon, U.K.). The samples were excited by light pulses from a 

diode laser source (  = 267 nm, repetition rate of 1 MHz for all samples containing TiO2 and 

 = 339 nm for pure NiO with instrumental response function (IRF) < 0.75 ns), and the 

fluorescence was detected using a PMT-based detection module (model TBX4).  

4.2.3 Photocatalytic activity 

Photocatalytic activity of all samples was evaluated under different light 

illuminations: sunlight, visible and UV-visible light sources as per experimental details given 

in Chapter 2. For quick reference, photocatalytic activity was evaluated in a rectangular 

quartz reactor of dimensions (10 x 2.1 x 2.1 cm3, 81 ml, Chapter 2), equipped with a gas 

sampling port for analysis and an evacuation valve. In all experiments, 0.1 g of catalyst was 

suspended in water + methanol mixtures (33 % v/v, 15 ml). Reaction mixtures were 

evacuated before irradiation to provide air free conditions as oxygen acts as an electron 

scavenger and, on photo-adsorption, blocks the active sites for the reaction [223]. 

Photocatalysts suspended in water-methanol mixtures were then irradiated under different 

light sources. In case of experiments under sunlight, samples were photoirradiated for 

duration of 4-6 hours during the afternoon (10.00-16.00 IST). The evolved H2 was quantified 

using a gas chromatograph (model Michro-1100, Netel, India) equipped with a thermal 

conductivity detector (TCD), a molecular sieve column with argon as the carrier gas was 

employed in the isothermal temperature mode at 50 °C oven temperature. H2 bubbles were 

evolved during sunlight irradiation. The emission spectrum of sunlight, visible light source 

with wavelengths greater than 400 nm, max=536 nm (medium-pressure Hg lamp, SAIC, 

India, 400 W) and UV-Visible light source (medium-pressure Hg lamp, SAIC, India, 400 W) 

and reaction assembly is shown in Chapter 2. The flux of both sunlight and medium pressure 
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mercury lamps was measured using a silicon photodiode based light meter LX 1108, Lutron 

Electronic as mentioned in Chapter 2. Solar flux was measured daily in the peak hours and 

the average recorded during 11.00-16.00 IST were used for AQE and SFE measurement. 

Detailed calculations of AQE and SFE are given in Chapter 2. 

4.2.4 First-Principles theoretical calculations 

Plane-wave based first-principles calculations within the density functional theory 

(DFT) with projector augmented wave (PAW) [226] potentials using Vienna Ab-initio 

Simulation Package (VASP) code [227] for calculations of ground state electronic properties 

of NiO (cubic, Fm3m). The PAW potentials used [2s2p] state of O atom, and [3p3d4s] state 

of Ni atom as valence states. We have used generalized gradient approximation (GGA) for 

exchange and correlations potential as parameterized by J. P. Perdew, K. Burke and M. 

Ernzerhof (PBE) [228]. Spin-polarized calculations using GGA+Ueff approach were used, 

where Ueff is the Hubbard parameter and found to be 6.0 eV for NiO. The expansion of 

electronic wave functions in plane waves was set to a kinetic energy cut-off (Ecutoff) of 450 eV 

for all the structures. The Brillouin-zone was sampled using Monkhorst-Pack k-point mesh 

[229]. For each structure, optimization was carried out with respect to a k-point mesh and 

Ecutoff to ensure convergence of the total energy to within a precision better than 1 meV/atom. 

The Methfessel-Paxton technique [230] was used for free energy calculations with a modest 

smearing of 0.1 eV, which resulted in a very small entropy term (<0.1 meV/atom) in all the 

cases. The structural relaxations (b/a, c/a ratio and atomic positions) were performed for each 

structure using the conjugate gradient algorithm until the residual forces on the atom were 

less than 0.01 eV/Å and stresses in the equilibrium geometry were less than 5x10 2 GPa. The 

total electronic energy and density of states (DOS) calculations were performed using the 

tetrahedron method with Blöchl corrections [231]. For partial DOS and charge transfer, we 

have taken Wigner-Seitz radii of Ni and O as 1.32 and 0.92 Å, respectively. 
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4.3 Results and discussion 

4.3.1 XRD 

XRD analysis was employed to monitor the progress of synthetic reaction, to identify 

the crystalline phases present and to determine crystallite size in the final product. XRD 

powder patterns of the samples calcined at 600 °C are shown in Fig. 4.2. Single phased 

oxides TiO2 and NiO prepared under identical conditions are also shown for comparison (Fig. 

4.2a and b). As expected TiO2 calcined at 600°C consisted of both the anatase (A) and rutile 

(R) phases. XRD lines due to cubic NiO (JCPDS No. 47-1049), tetragonal TiO2 anatase 

(JCPDS No. 21-1272) and rutile (JCPDS No. 21-1276) were indexed in the composite 

samples NTC18, NTC11, NTC36 and NTC63 calcined at 600°C for 10 h. In addition, extra 

lines appearing at 2 = 24.1°, 33.1°, 35.6°, 40.8°, 49.4°, 54.0°, 57.4° and 64.1° were also 

observed in the composite samples. These lines belonged to a secondary phase of NiTiO3. To 

evaluate the contribution of NiTiO3 phase in photocatalytic activity, a pure phase of NiTiO3 

was attempted by synthesized by both sol-gel (sg) and solid state (ss) routes as shown in Fig. 

4.2 g-h, respectively. Nickel titanate, NiTiO3 has a rhombohedral symmetry with lattice 

parameters a = b = 5.030, c = 13.79 Å, vol = 302.19 Å3 (JCPDS Card No. 33-0960). 

However, preparation by both methods yielded major phase of NiTiO3 along with NiO and 

rutile as impurities. There are inherent problems with NiTiO3 and phase pure product 

normally is not achieved as reported by many researchers [232,233]. Ruiz-Preciado et al 

[233] calculated the relative content of impurities (Rutile, NiO) present in each sample 

prepared by sol gel and solid state route.  

Proportion of secondary phase, NiTiO3 is higher in NTC36 than observed in NTC11 

composite evident by comparing the intensities of XRD lines due to NiTiO3 phase in curves d 

and e of Fig. 4.2. A slight peak shift of -0.035° in XRD line at 2  = 25.348° due to 101 plane 

of anatase TiO2 phase was observed for NTC36 oxide as compared to TiO2 synthesized under 
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similar conditions as shown in Fig. 4.2. The peak shift may be attributed to the incorporation 

of Ni ions at Ti site in anatase lattice. NTC18 shows presence of predominatly anatase along 

with minor NiO, NiTiO3 and rutile phases and whereas NTC63 shows NiO as major phase 

with NiTiO3 in substantial amounts, while anatase is in minor phase with insignificant 

amount of rutile as revealed by the XRD patterns. 

 

Fig. 4.2 XRD patterns of a.TiO2, b. NiO, c. NTC18, d. NTC36, e. NTC11, f. NTC63, g. 
NTOsg and h. NTOss calcined at 600°C. A anatase, R rutile, N NiO and NT NiTiO3. 

Some authors [201,221] observed that presence of NiTiO3 as impurity phase, hampers 

the functioning of pn junction of NiO-TiO2. Co-formation of NiTiO3 along with nano-

junctions is undesirable. Presence of a secondary phase may act as a barrier to effective 

pathway of charge carriers through pn junction. Development of NiTiO3 phase during 

preparation of NTC11 depends on gel drying temperature and calcinations as monitored in 

Fig. 4.3. It is reported that gel drying temperature plays an essential role in determining the 
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phase composition [234]. Increase in gel drying temperature from 90 °C to 150 °C favours 

the crystallization of high temperature sintered phase, NiTiO3 along with small amount of 

anatase TiO2, rutile and NiO phases present in the sample, NTC11-HT 600 °C, 10 h (Fig. 

4.3d). NTC11 samples obtained after drying the gel at lower temperature, 90 °C and calcining 

at 500 °C, (referred as NTC11-LT 500 °C, 5 h) yielded anatase rich composition devoid of 

NiTiO3 phase (Fig. 4.3a). As calcination temperature increased to 600 °C for 3h duration 

(sample referred as NTC11-LT 600 °C, 3 h), transformation of anatase to rutile was observed 

in addition to onset of NiTiO3 phase (Fig. 4.3b). Further increase in duration to 10 h at 600 

°C (referred as NTC11-LT 600 °C, 10 h or NTC11 throughout manuscript), resulted in well 

crystalline powders composed of anatase TiO2 and NiO as major phases with weak lines due 

to NiTiO3 phase (Fig. 4.3c). Intensity of NiTiO3 phase in curve c increased at the expense of 

Rutile and NiO phases (curve b) suggesting that free NiO reacted preferentially with high 

temperature rutile phase of TiO2 to form nickel titanate, NiTiO3. Photocatalytic activities of 

all these samples calcined under different conditions (Fig. 4.3) were evaluated and discussed 

later to establish structure-activity correlations. Among all samples NTC11 composite oxide 

(Fig. 4.3c) was found to be most active. Thus, gel drying temperature of 90 °C and 

calcination at 600 °C for 10 h are the optimized conditions that offer a well crystalline pn 

nanojunction comprised of NiO and anatase TiO2 phases (1:1) with minimal amount of 

NiTiO3. 
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Fig. 4.3 Dependence of phase composition of NTC11 on gel drying temperature and 
calcination conditions. XRD powder patterns of NTC11obtained after a. drying the gel at 90 
°C (LT) and further calcined at 500 °C for 5 h referred as NTC11-LT 500 °C, 5 h, b. drying 
the gel at 90 °C (LT) and further calcined at 600 °C for 3h referred as NTC11-LT 600 °C, 3h, 
c. drying the gel at 90 °C (LT) and further calcined at 600 °C for 10 h referred as NTC11-LT 
600 °C, 10 h or throughout the manuscript as NTC11 and d. drying the gel at higher 
temperature of 150 °C (HT) and was calcined at 600 °C for 10 h referred as NTC11-HT 600 
°C, 10 h. A Anatase phase of TiO2, R Rutile phase of TiO2, N NiO and NT NiTiO3. 

The nominal compositions, identification of phases, weight fraction of anatase/rutile 

and crystallite size estimated from Scherrer equation for different phases present in each 

sample of Ni-Ti-O oxides along with their abbreviations are given in Table 4.1. The average 

crystallite size were calculated by Scherrer equation using line width corresponding to 101 

plane of anatase TiO2, 110 plane of rutile TiO2, 200 plane of NiO and 104 plane of NiTiO3 

phases present in composite and pure oxides. Anatase and NiO crystallites of 20-30 nm, 

whereas crystallites of 30-45 nm due to NiTiO3 were present in NTC36 and NTC11 samples 

as listed in Table 4.1. Increase in crystallite size from 17.9 nm to 43.5 nm with increase in 

calcination temperature from 500 °C to 600 °C respectively, was observed for pure phase of 

anatase TiO2. Also, from Table 4.1 it is revealed that the presence of NiO has restricted the 

growth of anatase crystals upto ~23 nm in NTC36 and ~31 nm in NTC11 as compared to 
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large crystallites of ~43 nm observed for pristine TiO2 calcined at 600 °C. Samples of 

NiTiO3, NTOsg and NTOss consisted of highly sintered crystallites with 80-81 nm and 141-

143 nm size, respectively (Table 4.1). It is well reported that traditional synthetic procedures 

yield large NiTiO3 particles with low surface areas and pore volumes due to inherent 

problems such as high reaction temperature and heterogeneous solid phase reactions 

[201,235,236]. The relative ratio of anatase/rutile present in TiO2 calcined at different 

temperatures and NiTiO3 samples prepared by both routes (NTOss and NTOsg) and 

composite oxides (NTC36, NTC11), were calculated using equation mentioned in 

experimental section and listed in Table 4.1. The TiO2 crystallized completely in anatase 

phase after calcinations at 500 °C; however 25 % of it got transformed into rutile after 

calcinations at 600 °C as listed in Table 4.1. However the transition of anatase into rutile was 

inhibited by presence of NiO in NTC36 and NTC11 composite samples, evident by weak 

peak of rutile phase at 2  = 27.4°, amounting to 13.9 % (Table 4.1). Absence of noticeable 

rutile peak in NTC36 cannot be explained by above reason of phase transition inhibition as 

very small amount of free NiO is present in NTC36. The presence of strong XRD lines due to 

NiTiO3 phase in NTC36 sample (Fig. 4.2d) without any peaks due to free rutile TiO2 and NiO 

phases, suggests a possibility of swiping away of whatever amount of rutile TiO2 formed 

preferentially by NiO to react and produce high temperature sintered NiTiO3 phase at 600 °C. 

e) 

reaction is inhibited and crystallization of derogatory phase NiTiO3 decreases. Presence of 

NiO in NTC11 inhibits the transformation of anatase into rutile phase and stabilizes the TiO2 

in anatase phase is in agreement with work reported by other researchers [217,237]. Possibly, 

slow heating of gel and availability of greater fraction of Ni ions during synthesis of NTC11, 

restricted the crystallization of adverse phase, NiTiO3 and liberated the free NiO and TiO2 
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phases, in contrast to what was observed in NTC36 where the reaction pathway leads to 

formation of substantial amounts of NiTiO3 phase. 

Table 4.1 Nominal compositions, abbreviations, weight fraction of anatase/rutile and 
crystallite size calculated using Scherrer equation in different samples is listed below 

Sample Abbreviation Weight# 
fraction 

of 
Anatase 

(%) 

Weigh
t 

fractio
n of 

Rutile 
(%) 

Crystallite size (nm)* 

Anatase 
 

Rutile 
 

NiO 
 

NiTiO3 

 

NiO: TiO2 

(0.35:0.65 molar 
ratio) 

NTC36 100 - 22-23.2 - $ 44.9 

NiO: TiO2 (1:1 
molar ratio) 

NTC11 86.1 13.9 27.5-
31.5 

 $ 23.1-
28.7 

31.9 

NiTiO3 sg NTOsg - Minor 
phase 

- 98.6 83.2 80-81 

NiTiO3 ss NTOss - - - - - 141-143 

TiO2 TiO2  500 
°C 

100 - 17.9 - - - 

TiO2  600 
°C 

75 25 43.5 68.0 - - 

#Using formula expressed by equation no. 4.2 given in experimental section. 
*Crystallite size was calculated of individual phases in each sample considering the most intense line of the corresponding 
phase present in each sample. 
$Crystallite size was not calculated due to poor intensity of NiO peak (hkl200) and rutile TiO2 peak (hkl110). 

4.3.2 N2-BET surface area and porosity 

N2-BET surface area, mean pore size diameter and cumulative pore volume of pristine 

TiO2 is compared with composites of NiO and TiO2 calcined at 600 °C. The comparative data 

is listed in Table 4.2. Composite sample, NTC11 and NTC36 have shown enhanced surface 

area of 29.6 and 19 m2g-1 respectively, and as compared to 10 m2g-1 of TiO2. The pore size 

distribution and cumulative pore volumes of both the samples are shown in Fig. 4.4. TiO2 is 

microporous with binodal distribution with maximas at 1.8 and 1.9 Å (Fig. 4.4a). However, 

these micropores coagulate to mesopores on composite formation with NiO. Mesopores in 

range of 11-150 Å with maxima at ~34 Å in NTC11 and still larger mesopores in range of 50-

150 Å with maxima at 90 Å in NTC36 (Fig. 4.4b-c) were observed. 
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Fig. 4.4 BJH pore size distribution and pore volume curves of a. TiO2 b. NTC36 and c. 
NTC11. Vpore  

A decrease in cumulative pore volume from 0.1005 cm3g-1 (TiO2) to 0.09 cm3g-1 and 

0.08 cm3g-1 in NTC36 and NTC11, respectively was observed (Table 4.2). Calcination 

temperature plays a very important role in deciding the resultant surface areas and porosity of 

oxides. Melian et al [221] observed that surface areas of Ni/Ti oxides was between 374-470 

m2g-1 was slashed by 74 % when calcined at 400 °C and by 90 % at 550 °C. Similarly, pore 

volume of samples reduced to 0.1 cm3g-1 from 0.3 cm3g-1 for temperatures above 550 °C. The 

reduction in surface areas above 500°C coincides with emergence of the high temperature 

phases such as rutile and NiTiO3 at the expense of more dispersed forms such as NiO, 

affecting the morphological properties adversely.  

Table 4.2 Particle size, surface area and porosity of oxides. 

Sample Particle size 
from TEM 

(nm) 

Specific Surface 
area (N2-BET) 

(m2/g) 

BJH pore size distribution Pore 
Volume 
(cm3/g) 

TiO2 - 10.24 Microporous binodal narrow 
distribution with peaks at (1.8 and 

1.9 Å) 

0.1005 
 

NTC36 36-40 (maxima) 19 Mesopores in range of 50-150  Å 
with distribution maxima at 90  Å 

0.09 

NTC11 25-30 (maxima) 29.6 Mesopores in range of 11-150  Å  
with distribution maxima at 34  Å 

0.08 
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4.3.3 Raman spectroscopy 

Fig. 4.5 shows Raman spectra of pure phases TiO2, NiO, NiTiO3 and compared with 

composite oxides, NTC11 and NTC36. According to factor group analysis, anatase TiO2 has 

six Raman active modes predicted by group theory and they appear at 144 (Eg), 197 (Eg), 399 

(B1g), 513 (A1g), 519 (B1g) and 639 cm-1(Eg) marked as # in Fig. 4.5 [184]. The two peaks of 

doublet (513 and 519 cm-1) merges to one peak at 516 cm-1 at room temperature [184]. Eg, 

144 cm-1 is the most intense and sharp vibration mode and others are weak vibrations. The 

rutile phase of TiO2 has a weak band ~ 143 cm-1. Rutile has four Raman active fundamentals, 

while anatase has six Raman active fundamentals [184]. Thus, the spectrum corresponds to 

anatase without features of rutile phase. XRD pattern of TiO2 shows partial conversion of 

anatase to rutile at 600°C, while in Raman spectrum (Fig. 4.5), modes due to rutile phase are 

not observed in presence of anatase because of its poor scattering efficiency. Similarly, a 

Raman profile of other pure oxide, NiO was recorded and shows a characteristic broad band 

at ~500 cm-1 in Fig. 4.5 [238]. This band originates due to the strong phonon-magnon 

interaction at nanoparticles surface or some defects, which compete with the magnetic 

ordering of the nanoparticles [238]. Raman modes of another highly crystalline compound 

NiTiO3 are marked as * in Fig. 4.5 appearing at 192, 230, 247, 291, 345, 395, 465, 614, 707 

and 757 cm-1 [239]. The ten Raman active modes are assigned considering the  symmetry 

and R  space group of rhombohedral NiTiO3 powders. The bands are sharp and intense 

confirming the highly crystalline nature of NiTiO3 phase obtained as a result of solid state 

route calcined at 1000 °C. These were compared with Raman spectra of composite oxides, 

NTC36 and NTC11. It was observed that characteristic peaks of anatase phase were present 

in NTC36 and NTC11 composites along with weak peaks of NiTiO3 phase in agreement with 

XRD results. However, the most intense mode of NiTiO3 which appeared at 707 cm-1 was not 
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observed in NTC11 but was present in NTC36. Signature peaks due to NiO or rutile were not 

observed in Raman spectra of composites due to poor scattering efficiencies of the phase. 

 

Fig. 4.5 Raman spectra of simple oxides NiO, TiO2 compared with their composite binary 
oxides NTC36, NTC11 and single phase compound oxide, nickel titanate oxide was prepared 
by solid state route, NTOss. * NiTiO3 phase, # anatase phase of TiO2. 

4.3.4 DRS 

Diffuse reflectance spectrum of white TiO2 is compared with coloured composite 

oxides in Fig. 4.6. Here, like coloured oxides have shown similar absorption spectra. 

Presence of NiO has enhanced light absorption properties of composite samples in visible 

region.The two composite oxides, NTC11 and NTC36 show disparity in their colours. 

NTC11 is green colored, however, NTC36 is bright yellow, similar to NTOsg and NTOss 

oxides. Excluding TiO2 (band gap ~3.2 eV), spectra of all other samples shows extended 

absorption in visible light; along with this a noticeable shift in absorption edge towards 

higher wavelengths was also observed. Band gap of all samples is calculated considering Ti 

edge tabulated in Table 4.3. 
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Table 4.3 Band gap calculated for different Ni/Ti oxides using Kubelka-Munk function.

Sample 
Band Gap (eV) 

Calculated by Ti band edge 
TiO2 3.20 

NTC36 2.82 
NTC11 3.18 
NTOsg 3.17 
NTOss 3.17 

NiO 3.60 

 
Band gap of black coloured, NiO is 3.6 eV yet; it shows absorption in visible region 

because of presence of vacant 3d states of Ni above valence band which extends the 

photoresponse in visible region. DRS of NTC11 appears to be an overlap of absorption 

spectra of both NiO and TiO2. The DRS spectra shown in curves b, d, e corresponding to 

NTC36, NTOsg and NTOss, respectively are similar in nature and sample colour. The peaks 

at 374, 450, 743 nm and shoulder at 511 nm appearing in these spectra are characteristic 

peaks of NiTiO3 phase and are prominent for nickel titanate, NTOsg and NTOss. 374 nm 

attributed to the O2-  Ti4+ charge transfer interaction. Ni2+ 3d8 band situates between 

conduction band formed due to 3d orbitals of Ti4+ and valence band formed due to oxygen 2p 

orbitals [240]. Hence, charge transfer transition Ni2+ 4+ occurs at lower energy compared 

to O2- 4+ charge transfer transition. 450 and 511 nm due to the crystal field splitting of 

3d8 band of Ni2+ ions into two sub-bands called the Ni2+ 4+ charge transfer (CT) bands. It 

also shows absorbance at 743 nm as indicated by its yellow colour [241]. NiO and NiTiO3, 

phases were simulated by DFT using VASP software to understand the contribution of 

valence orbitals of different atoms in valence band and conduction band and to explain the 

observed absorption properties. DRS of NTC11 and NTC36 samples was also recorded after 

use in photocatalytic activity tests as shown in curves g and h respectively, revealed that light 

absorption properties of composites, were unaltered after irradiation and therefore can be 

reused.  
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Fig. 4.6  Diffuse reflectance UV-visible spectra of a. TiO2, b. NTC36, c. NTC11, d. NTOsg, 
e. NTOss,  f. NiO g. Used NTC11 and h. Used NTC36.  Dotted lines (---) are characteristic 
transitions due to NiTiO3 phase. 

4.3.5 Photoluminescence spectroscopy 

Photoluminescence (PL) spectra of Ni/Ti oxides are shown in Fig. 4.7, reveals the 

course of electron and hole produced after absorption of light. From PL data, TiO2 shows a 

broad emission peak in range of 355 to 530 nm with maximum peak at 427 nm recorded at 

excitation wavelength at 280 nm. This is related to band edge emission and shoulder at 448 

nm is associated with defect/trap emission in TiO2 [242 244]. Peak intensity is found to 

decrease in all oxides containing Ni ions. Ni acts as a quenching agent. PL spectra of 

composites NTC11 and NTC36 differ in both peak positions and profiles also. In case of 

NTC11, there is a broad peak (355-530 nm) with peak maximum at 427 nm corresponding to 

band edge emission of TiO2, followed by weak emissions coinciding with NiO peaks. 

However, unlike NTC11, the PL profile of NTC36 matches with NiTiO3. NiTiO3 shows a 

broad emission same as TiO2 but with a peak maximum shifted from 427 nm to lower 

wavelength of 412 nm. The peaks at 412 nm and 553 nm were observed in NTC36, NTOsg 

a b dc fe
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and NTOss (marked in Fig. 4.7). In cases of NTC36, NTOsg and NTOss, the half widths at 

maximum intensity are less than that of TiO2 or NTC11. NiO shows very poor luminescence 

at 450, 532, 644 and 666 nm upon photo-excitation at 365 nm as shown in Fig. 4.7.  

 

Fig. 4.7 Photoluminescence spectra of different Ni-Ti oxides. #Artefact: instrumental peak 
due to lamp change at 467 nm.  

Maximum activity of NTC11 for production of H2 is related to broad range of 

absorption/emission from UV to visible. Preparation route has affected the PL intensity. NTO 

prepared by sol-gel route has shown intense emission as compared to solid state route 

prepared oxide. The PL signals attenuate with increasing calcination temperature for both 

types of NiTiO3, in good agreement with literature reports [244]. It is also reported that the 

light absorption also decreases distinctly with increasing calcination temperature. Therefore, 

it is difficult to reveal the intrinsic change of photoluminescence signals with sintering. 

Photoluminescence decay curves of Ni/Ti oxides upto 110 ns are shown in Fig. 4.8a. 

Excitation and emission wavelengths for all samples except NiO were monitored at 267 nm 

and 427 nm, respectively. NiO was excited using 339 nm to yield emission at 532 nm. Decay 

profile of all samples apart from NiO is shown in Fig. 4.8b upto 20 ns. Here, decay data is 

shown upto 20 ns because about 75 % of decay is completed within 20 ns. Data are fitted 
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with mono-exponential equation. Typical monoexponential fitting to data of TiO2 and NTC11 

are shown in Fig. 4.8c, e, respectively. Lifetimes of 0.91, 0.90, 0.92, 1.02 and 0.68 ns were 

observed for TiO2, NTC11, NTC36, NTOsg and NiO, respectively. NiO gives least value of 

lifetime among them. Lifetime values of other samples are almost unchanged within error bar 

of 0.10 ns. 75 % decay takes place within 20 ns, beyond that (25 % decay data) upto 110 ns 

was fitted with tri-exponential equation. Triexponential fitting of TiO2 and NTC11 is shown 

in Fig. 4.8d, f respectively.  

 

 

 

Fig. 4.8 a. Luminescence decay curves of TiO2, NiO, NTC11, NTC36, NTOsg upto 110 ns. 
b. decay curves of TiO2, NTC11, NTOsg, NTC36 up to 20 ns. Mono-exponential fitting to 
data of c. TiO2, e. NTC11 up to 20 ns. Tri-exponential fitting to data of d. TiO2, f. NTC11 up 
to 110 ns. 

15 16 17 18 19 20

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

C. TiO2

Monoexponential

0.914

time (ns)
15 16 17 18 19 20

0.25

0.50

0.75

1.00
b.

time (ns)

 TiO2
 NTC11 
 NTC36
 NTOsg

20 30 40 50 60 70 80 90 100110120

0.0

0.3

0.6

0.9

1.2
a.

time (ns)

 TiO2
 NiO
 NTC11
 NTC36
 NTOsg

15 16 17 18 19 20

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1
e. NTC11

Monoexponential
 = 0.90 

time (ns)
20 40 60 80 100 120

1

time (ns)

Triexponential

0.72

4.2 

48

 

 

f. NTC11

20 40 60 80 100 120

1

Triexponential

0.91 

5.17 

40 

d. TiO2

time (ns)



132 
 

Fitting parameters are given in Table 4.4. The shortest lifetime ( 1 < 1 ns) is related to 

the band-band edge e-/h+ recombination [243]. The medium lifetime ( 2 = 4-5 ns) will be 

related to the presence of self-trap below conduction or Ti-O charge transfer in TiO6 unit. The 

longer component ( 3) in lifetime (>39 ns) will be related to oxygen defects in particles. The 

1 contributed about 75% and remaining two components ( 2, 3) contributed about 14 % of 

decay data. 2 has about 98%, whereas 3 has 2% contribution in 14% of decay data. Decay is 

much faster for NiO as compared to others. It is because Ni d8 electrons are paramagnetic and 

also NiO is antiferromagnetic [245], which quenched luminescence. Rate of recombination of 

e- and h+ is fast over pure NiO. It is quite obvious that photogenerated e- recombines with h+ 

instantaneously at all three sites ( 1, 2, and 3) of NiO as compared to other samples. 

Lifetimes of 0.91 ns in TiO2 is similar to 0.90 in NTC11 suggesting that band edge 

recombination which is contributing to 75 % decay is governed by presence of TiO2 and not 

by NiO despite the fact that free NiO is available in equal proportion as TiO2 in NTC11. 

Similarly, 2 originating from recombination reaction at self trap states is also same as TiO2. 

However, 3 is 39 ns in TiO2, 48 ns and 47 ns in NTC11 and NTOsg respectively, and 59 ns in 

NTC36 much higher than NiO of 11 ns.  

Table 4.4 Parameters derived from fitting of decay profile (upto 110 ns) of different samples 
using tri-exponential decay equation. 

 

 

 

By proportion itself and by characterization results, it is evident that free NiO is 

substantially present in NTC11 than NTC36. Thus, it is expected that presence of PL 

quencher in NTC11 composite will enhance the recombination. However, it was observed 

that lifetime 1, 2 and 3 has increased from 0.5 ns, 1.0 ns and 11 ns observed in pure NiO to 

Parameters 
Samples 

TiO2 NTC11 NTC36 NTOsg NiO 
1(ns) 0.91 0.72 0.72 0.86 0.5 

2(ns) 5.2 4.2 5.0 4.2 1.0 

3(ns) 39 48 59 47 11 
X2 (goodness of 

fitting) 
0.986 0.989 0.989 0.990 0.985 
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0.72 ns, 4.2 ns and 48 ns in composite NTC11, respectively (Table 4.4). Among the NTC36 

and NTC11, 1 and 2 are comparable; however, 3 is higher for NTC36. The recombination 

reaction at oxygen defects is quantified as 3. This implies NTC11 has more of oxygen 

vacancies due to multiphasic nature of NTC11 relative to NTC36 in which NiTiO3 phase 

predominates. The grain boundary between two phases acts as sites for e- and h+ 

recombination. Thus, more the grain boundaries higher will be the rate of recombination 

reaction. This implies coexistence of TiO2 with NiO in any form has helped in delaying the 

recombination reaction considerably. 

4.3.6 Surface morphology 

FESEM micrographs along with EDX patterns and backscattered images for 

composite samples, NTC11 and NTC36 are shown in Fig. 4.9. FESEM images reveal 

agglomerates, inside which shape and dimensions of particles can be deciphered. Upon 

comparing Figures it can be noticed that size of the particles in sample NTC11 is more 

homogeneous as compared to NTC36. From these images, however, it is difficult to 

distinguish NiO from TiO2 as all particles exhibits are of similar morphology with particle 

size varying in the range of ~ 15-20 nm. Distinctly large nearly spherical particles of nearly 

50 nm size were observed in NTC36 (highlighted by red outline in Fig. 4.9c-d). The XRD 

results and crystallite sizes of individual phases estimated by Scherrer equation, listed in 

Table 4.1 suggests the emergence of highly sintered NiTiO3 as secondary phase under the 

stated experimental conditions. This phase is more dominant in the NTC36 composite sample 

as compared to NTC11. Thus, large particles prominently present in NTC36 (outlined in red) 

are possibly belonging to NiTiO3 phase. However, FESEM images of NTC11 are devoid of 

such large particles. It is known that large particles of NiTiO3 with poor surface areas and 

porosity are produced by conventional synthetic routes, due to inherent problems such as high 

reaction temperature and heterogeneous solid phase reactions [201,235,236]. Lopes et al 
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[239] reported characterization of NiTiO3 powders prepared by polymeric precursor method 

after thermal treatment at different temperatures for 2 h in air atmosphere and investigations 

by SEM, revealed that the NiTiO3 powders, heat treated between 600 °C and 1000 °C, 

present a mean distribution of the particle in the range of 94 306 nm. Backscattered electrons 

(BSE) from NTC11 and NTC36 samples were imaged and are shown in Fig. 4.9e-f, 

respectively. BSE are used to detect contrast between areas with different chemical 

compositions thus can provide information of distribution of different phases. Apparently, 

NTC11 have shown almost uniform distribution of individual phases present in the sample in 

concurrence with TEM images. Aggregation or segregation of any phase was not observed in 

backscattered FESEM image of NTC11. Thus, it appears that NiO and TiO2 are uniformly 

distributed in NTC11 without segregation of either phase. NiO and TiO2 may not be 

distinguished by BSE due to similar molecular weight. However, backscattered image of 

NTC36 shows prominence of two phases represented by bright and dark field. EDX patterns 

show that intensity of peaks due to Ni relative to Ti increases from NTC36 to NTC11 (Fig. 

4.9g-h).  

 

a b 
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Fig. 4.9 FESEM images at different accelerating voltages for NTC11(a- b) and NTC36 (c-d). 
Backscattered image of NTC11 (e) and NTC36 (f). EDX of  NTC11 (g) and NTC36 (h).  

Bulk composition was determined by EDX and ICP-OES and was in agreement 

within experimental error (±5%) with the calculated values for both the composites in Table 

4.5. 

Table 4.5 Bulk elemental analysis of Ni, Ti and Pt for different composites using EDX and 
ICP-OES compared with calculated values. 

Sample 

ICP-OES (mol %) 
 

EDX (mol %) 
 

Calculated values 
(mol %) 

NiO/
TiO2 

TiO2 NiO Pt 
NiO/
TiO2 

TiO2 NiO 
NiO/ 
TiO2 

TiO2 NiO Pt  

Pt(1%w/w)
/NTC11 

  0.3     
  

0.4  

NTC11 50.2 
49.8

5 
 0.99 

50.5
1 

49.49 0.98 50 50  1 

NTC36 62.39 33.6  0.54 68.9 31.11 0.45 65 35  0.54 

e 

c d 

f 
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Low and high resolution TEM images with particle size distribution and SAED 

patterns are shown in Fig. 4.10a and b for NTC11 and NTC36, respectively. Low resolution 

image shows agglomeration of particles. Faceted particles with proper boundaries could be 

resolved within agglomerates. HR-TEM images reveal that the material is highly crystalline, 

as depicted by well defined lattice fringes. A high resolution image of NTC11 reveals lattice 

fringes with fringe width of 0.35 nm and 0.32 nm belonging to 101 plane of anatase and 110 

plane of rutile phase of TiO2, respectively. Particle size observed from TEM data was similar 

to the crystallite size obtained from XRD which reveals that each grain corresponds to single 

crystallite [246]. Particle size distribution (PSD) derived from low resolution image of 

NTC11 (Fig. 4.10a) suggests maximum number of particles falls in range of 10-30 nm, while 

distribution shifts towards higher particle size in NTC36 (Fig. 4.10b) with majority of 

particles more than 30 nm in size. Unlike NTC36, NTC11 comprises of very small particles 

also, say 5-10 nm and is devoid of very large particles of 50-55 nm. HR-TEM of NTC36 

nanoparticles (Fig. 4.10b) shows lattice fringes with d-spacing of 0.35, 0.27 nm and 0.24 nm 

which corresponds to 101 plane of anatase, 104 plane of NiTiO3, 111 plane of NiO phase, 

respectively. Diffused rings with dotted pattern forms SAED of NTC11 and NTC36 revealing 

nanocrystalline nature of these powders. These patterns were indexed and found to consist of 

phases in agreement with XRD results. HAADF  STEM images of NTC11 were recorded at 

low and high magnification (Fig. 4.10c(i-iv)). Bright and dark contrast in HAADF image 

arises due to difference in average atomic number corresponds to TiO2 and NiO, respectively. 

Electron energy loss spectroscopy (EELS) at selected positions from adjacent particles 

showed presence of peaks due to Ti and Ni, respectively (Fig. 4.10cii). The chemical 

identification using EELS suggested that NiO and TiO2 are in close proximity to each other 

(ciii-civ).
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Fig. 4.10 TEM, HR-TEM images, SAED pattern and particle size distribution are shown in 
clockwise direction for (a) NTC11 (b) NTC36 and (c) low (i) and high (iii-iv) magnification 
STEM-HAADF images of the NTC11 sample along with EELS (ii) of the selected area 
indicated as positions 1 and 2. Bright and dark contrast in HAADF image arising due to 
difference in average atomic number corresponds to TiO2 and NiO respectively. 

4.3.7 XPS 

XPS survey spectrum indicates presence of Ni, Ti, O and C elements with 

photoelectron peaks appearing at binding energies 853 (Ni 2p3/2), 872 (Ni 2p1/2), 458 (Ti 

2p3/2), 464 (Ti 2p½), 529 (O 1s) and 285 eV (C 1s). Typical binding energy values observed 

for different elements are tabulated in Table 4.6.  

Table 4.6 Binding energy values derived from XPS study of TiO2, NiO, NiTiO3, fresh and 
used composite Ni-Ti oxides. 

Sample 

Binding Energy (eV) 

O 1s Ti 2p3/2 Ti 2p1/2 
Ni 2p3/2 Ni 2p1/2 

C1s Main 
peak 

Satellite 
peak 

Main 
peak 

Satellite 
peak 

TiO2 
529.27,5

30.92 
457.98 

 
463.69 - - - - 284.47 

NiO 
529.22, 
531.06 
534.01 

- - 
853.81, 
855.78 

860.92 872.8 879.63 284.53 

c(i)

c(iii) c(iv)

c(ii)
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NTC36
529.12, 
531.0 

457.53, 
459.29 

463.55
854.43, 
856.20 

861.11
872.67

 
879.60 284.47

NTC11 
529.72, 
531.53 

457.76 
459.43 

463.84 
853.72, 
855.56 

861.08 872.99 879.94 284.49 

NTO sg 
530.58,5

31.61 
458.65 464.31 856.01 862.20 873.70 880.43 284.50 

NTC36 
used 

529.47, 
531.43 

458.02, 
459.37 

463.81 
854.79, 
855.74 

861.39 872.67 879.48 284.53 

NTC11 
used 

529.88, 
531.65 

457.59, 
459.02 

463.64 
854.20, 
855.9 

861.40 872.85 880.32 284.48 

 

Fig. 4.11a shows high resolution XPS spectra of Ni ions present in different samples. 

The XPS spectrum of NiO is quite complex and is deconvulated to yield peaks at 853.81, 

855.78, 860.92 eV in the Ni 2p3/2 region (Fig. 4.11b) and 872.8 and 879.63 eV for Ni 2p1/2 

region. The first two peaks at 853.81, 855.78 eV are attributed to multiplet splitting of Ni 

2p3/2 [247], 860.92 and 879.63 eV are satellite peaks of Ni 2p3/2 and Ni 2p1/2 respectively. The 

broadening of the main line and the satellite is due to interactions of the central Ni atom with 

either neighbouring NiO6 octahedra or with oxygen-deficient defects [248]. The deconvulated 

Ni 2p XPS spectrum of composite oxides NTC36 and NTC11 is shown in Fig. 4.11c and d 

respectively, to reveal the multiple peaks due to Ni2+, at positions observed for free NiO. The 

spectrum confirmed the existence of NiO with Ni at +2 oxidation state in composite samples. 

However, for the NTC11, the first multiplet appears with lower intensity as compared to free 

NiO. The homogeneous distribution of TiO2 molecules around NiO in NTC11 has probably 

affected the mutiplet intensity of Ni 2p. This suggests the co-existence of NiO and TiO2 in 

composite material, NTC11. In case of nickel titanate, NTOsg, comparatively a sharp peak at 

856.01 eV was observed corresponding to symmetric octahedral environment around Ni ions 

situated in cubic unit cell of NiTiO3. The oxidation state of Ni and Ti ions in used NTC11 

sample were same as fresh sample, confirming the chemical stability of the composite oxides 

after photocatalytic activity tests. Ni/Ti ratio is maintained, however, O/M ratio has increased 

due to adsorption of water molecules, affecting the multiplet intensity (Fig. 4.11d-e). 
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Fig. 4.11 a. Overlay of XPS spectra corresponding to Ni 2p3/2 and Ni 2p1/2 lines for different 
samples. Deconvulation of Ni 2p3/2 peak in b. NiO c. NTC36 d. NTC11 and e. used NTC11. I 
and II are multiplets due to Ni 2p3/2.   

BE values in the range of 455.1 to 461.0 and 461.0 to 467.2 eV (Fig. 4.12a) for Ti 

2p3/2 and 2p1/2 respectively, in the range of 526.9 - 537 eV (Fig. 4.12b) for O1s and from 

281.15 - 287.6 eV (Fig. 4.12c) for C 1s core levels for TiO2, NiO, NTC11 and fresh and used 

NTC11 can be seen. These values confirm that Ti is in the +4 state in both TiO2 and Ni-Ti 

oxides [192]. Ti 2p XPS spectrum was deconvulated to reveal the contribution of Ti4+ ions 

from different phases as shown in Fig. 4.12a. Ti 2p peak shifts by 0.67 eV on crystallization 

into NiTiO3 (NTOsg) phase (Fig. 4.12a) as compared to anatase TiO2 attributed to different 

local environment experienced by Ti ions in NiTiO3 lattice [249]. As obvious, the intensity of 
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Ti 2p XPS signal decreased in NTC11 as compared to NTC36 in accordance with the 

proportion of Ti content present in each sample. As explained above the expected bulk 

composition of composite oxides, NTC11 and NTC36 were found to be in agreement with 

the experimental values analysed using ICP-OES results (Table 4.5). However, the elemental 

composition on surface of individual photocatalysts was derived from XPS (Table 4.7).  

Table 4.7 Elemental compositions derived from XPS study of fresh and used composite Ni-
Ti oxides. 

Sample Chemical composition (atom %) 
Ti Ni O [Ni]/[Ti] [O]/[M] 

M= Ti+Ni 

TiO2 24.8 - 75.2 - 3.0 

NiO - 19.92 80.08 - 4.02 

NTC36 20.67 5.05 74.27 0.24 2.9 

NTC11 11.15 10.61 78.24 0.95 3.6 
NTO sg 13.70 7.60 78.70 0.55 3.7 

NTC11 used 10.20 9.80 80.0 0.96 4.0 
 

The surface concentration of [Ni]/[Ti] was 0.24 in NTC36, lower than the ideal value 

0.54. While, it was found to be 0.95 in case of NTC11 which is in close agreement with the 

expected value of 1.0. This suggests that surface of NTC36 unlike bulk, is rich in Ti and 

deficient of Ni ions. For, NTC11, the composite character of bulk is extended upto surface 

and Ni and Ti metal ions are homogeneously distributed over the surface of NTC11. This 

explains how the multiplicity of Ni 2p spectrum is affected in NTC11. Thus, XPS 

investigations revealed that surface properties of NTC11 composite oxide are more 

favourable for the photocatalytic activity as compared to NTC36. The metal ions act as active 

sites for adsorption of water molecules. For, used NTC11 oxide the ratio is same as fresh 

sample within experimental error, suggesting that surface composition after photoactivity 

tests has not varied. Thus, leaching of the Ni or Ti metal ions from the surface of the 

photocatalyst did not occur during the activity evaluation. O 1s peak obtained from pristine 
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TiO2, NiO as well as Ni-Ti oxides could be resolved mainly in two spectra using a gaussian 

fit as shown in Fig. 4.12b to yield a major peak at ~529 eV and another one at ~531 eV. The 

secondary peak was assigned to OH- (hydroxy) species present on the surface in addition to 

bulk oxide (O2-) species [192]. In case of NiO, the broad O1s peak is resolved in three peaks 

at 529.22, 531.06 and 534.01 eV. The additional peak at 534.01 eV observed in NiO 

spectrum is arising from chemisorbed oxygen containing species from either water, oxygen, 

CO or CO2 [250]. The surface concentration of [O]/[Ti] in pristine TiO2 from Table 4.7 

exceeds the ideal value of 2 and in case of NiO also, it is ~4 ideally should have been 1. 

Thus, indicating that surface is rich in oxygen which can be explained by presence of 

adsorbed hydroxy species in the form of Ti(OH)4 linkages where required [O]/[Ti] is 4 on 

surface of TiO2. Presence of additional chemisorbed oxygen on surface of NiO explains the 

exceptionally high observed [O]/[Ni] ratio. Further, increase in [O]/[M] (where M = Ni + Ti) 

concentration of used NTC11 sample indicated that Ni-Ti-O oxides offers more active sites 

for adsorption of water molecules. 

 

Fig. 4.12 Overlay of XPS spectra corresponding to a. Ti 2p b. O 1s and c. C 1s lines for 
different samples. Broad peaks were deconvulated to relatively quantify various oxidation 
states of an element present in a sample.I Anatase and II NiTiO3.  
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4.3.8 Photocatalytic activity 

Photocatalytic activities of pn semiconductors, NTC36 and NTC11 was evaluated 

under different sources of light (Fig. 4.13-4.16) and compared with individual oxides, NiO, 

TiO2 and NiTiO3. 100 mg of photocatalyst was suspended in a mixture of water and methanol 

(2:1 v/v), irradiated in sunlight, UV-visible and exclusively visible light source under 

evacuated conditions. H2 yield, AQE, SFE achieved over different samples under different 

light sources and conditions is tabulated in Table 4.8. Fig. 4.13a, b show hydrogen yield in 

mol obtained over Ni-Ti oxides in sunlight and medium pressure mercury light source with 

UV-visible photoemission, respectively. Hydrogen yield increased linearly with irradiation 

time. No evolution of hydrogen gas was detected in dark. Also evolution of H2 bubbles was 

observed in evacuated conditions under sunlight irradiation. Evacuation before irradiation is 

favorable to get maximum hydrogen yield [223]. The decreasing order of photocatalytic 

activity of samples calcined at 600 °C in sunlight is as follows: NTC11 (H2 @ 20.4 mol/h) > 

NTC18 (H2 @ 5.17 mol/h) > TiO2 (H2 @ 2.5 mol/h) ~  NTC36 (H2 @ 2.34 mol/h) > 

NTOsg (H2 @ 1.52 mol/h) > NTC63 (H2 @ 1.36 mol/h) > NTOss (H2 @ 0.22 mol/h) and 

under UV-visible illumination is as follows: NTC11 (H2 @ 84 mol/h) > NTC18 (H2 @  

51.28 mol/h) > TiO2 (H2 @ 29.1 mol/h) ~ NTC36 (H2 @ 24.5 mol/h) > NTOsg (H2 @ 10 

mol/h) > NTOss (H2 @ 1.8 mol/h) > NTC63 (H2 @ 0.88 mol/h) > NiO (H2 @ 

0.4 mol/h), respectively. The trend shows that composite, NTC18 consisting of higher 

proportion of TiO2 has performed reasonably well, with activity higher than parent TiO2, but 

lower than NTC11. However, NiO rich composite, NTC63 has shown NiO like poor activity. 

Thus, both composites, NTC63 and NTC18 have shown performance, corresponding to the 

predominant phase. The poor activity of NTC36 is attributed to presence of derogatory, 

NiTiO3 phase in dominance in this sample. Thus, ideal composition for exploiting the role of 

pn junctions is 1:1 in present study. Similarly, Parida et al. [251] investigated NiO/Ta2O5 
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composites with varying molar ratio of both the oxides and it was found that 1:3 was most 

active due to formation of pn junctions and minimum hindrance from the secondary phase, 

NiTa2O6 developed.  

 

Fig. 4.13 a. H2 yield monitored over TiO2, NTC18, NTC36, NTC11, Pt/NTC11, NTC63, 
NTOsg and NTOss under a. sunlight during 10:00-16:00 h IST, b. UV -visible irradiation. 

Composite NTC11 has performed considerably better than individual pure oxides 

such as nickel titanate and nickel oxide under different light sources. However, photocatalytic 

activity of NTC36 is poor than TiO2. Among all these samples, maximum photocatalytic 

activity was observed for NTC11 with H2 generation rate of 204 mol/h/g and 840 mol/h/g 

of hydrogen yield with apparent quantum efficiency 2 % and 5.3 % in sunlight and UV-Vis 

irradiation, respectively. To enhance the hydrogen yield, 1 % (w/w) Pt was loaded as co-

catalyst over NTC11 by photodeposition method. Pt provides sites for H+ reduction by 

photogenerated electrons trapped due to schottky barrier. Pt(1 % w/w)/NTC11 photocatalyst 

liberated H2 @ 537 mol/g/h (Fig. 4.13a) with AQE of 5.4 % under sunlight irradiation and 

1250 mol/g/h (Fig. 4.13b) with AQE of 7.8 % (Table 4.8) under UV-visible light irradiation.  
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Table 4.8 Typical values of photocatalytic H2 yield, apparent quantum efficiencies (AQE) 
and solar fuel efficiency (SFE), obtained over different Ni-Ti oxides irradiated under 
different conditions. 

 

Stability of composite photocatalysts NTC11 and Pt/NTC11 was also established 

under sunlight for 60 h over same 100 mg of sample (Fig. 4.14).  

 
Fig. 4.14 Recyclability of photocatalytic H2 generation over NTC11 and Pt/NTC11 evaluated 
for 60 h by irradiating the sample under sunlight. (Experimental conditions: 100 mg of 
photocatalyst was suspended in water + methanol (33 % v/v), evacuated and illuminated 
under sunlight for duration of 6 h in a day during afternoon (10.00-16.00 IST) and H2 yield 
was monitored for 10 days with intermittent evacuation after 12 h of irradiation).  
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NiO 0.4 - - 20 0.03   
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Linear H2 evolution was observed over Pt/NTC11 upto 60 h under sunlight at an 

average rate of 490 mol/g/h with standard deviation of (+/- 2.7 %). Sustained H2 evolution 

without any deterioration in photocatalytic activity was found for 60 h. Methanol which was 

initially added, sufficed for the complete activity test of 60 h. So, intermittent addition of 

sacrificial reagent was not required. 

Further, to establish the visible light activity exclusively, the performance of NTC11 

was also evaluated for 35 h under visible light lamp with max at 536 nm without UV 

emission (inset of Fig. 4.15). H2 evolution @ 306 mol/g/h with AQE of 1.6 % was 

constantly observed for 35 h over NTC11 (Fig. 4.15) under visible light. Thus, visible light 

activity and stability of NTC11 is established under both sunlight and visible light 

illumination. XPS results, have established that the pn composites retain the chemical and 

compositional stability on surface after photocatalytic reduction of water to H2. 

 

Fig. 4.15 Visible light activity of NTC11 was established by monitoring H2 yield for 35 h 
under medium pressure mercury lamp emitting wavelengths longer than 400 nm ( max= 536 
nm). Emission spectrum is shown in inset. Experimental conditions: 100 mg of photocatalyst 
was suspended in water + methanol (33% v/v), evacuated and illuminated under visible light 
source for 35 h with intermittent evacuation at regular intervals.  
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Calcination temperature and phase compositions were very critical and found to 

determine the overall hydrogen yield. Photocatalytic activities of all the samples prepared 

with varying heat treatment discussed above (XRD of samples are shown in Fig. 4.3) were 

evaluated and shown in Fig. 4.16 to establish structure-activity correlations.  

 

Fig. 4.16 Effect of calcination temperature and crystallinity on photocatalytic properties was 
investigated by evaluating photocatalytic H2 yield over a NiO and TiO2 composite in 1:1 
composition synthesized under varying heat treatment conditions corresponding to samples 
shown in Fig. 4.3. 

The decreasing trend in activity was NTC11-LT 600 °C, 10 h > NTC11-LT 600 °C, 3 

h > NTC11-HT 600 °C, 10 h > NTC11-LT 500 °C, 5 h. The fall in activity coincides with the 

appearance of NiTiO3 phase. To verify the results, a sample of NiTiO3, synthesized by solid 

state was tested and found to result in poor photocatalytic H2 yield @ of 2.2 and 18.0 

mol/g/h in sunlight and UV-visible light irradiation, respectively (Fig. 4.13a and b). NiTiO3 

phase has shown lowest activity among all Ni-Ti oxides under investigation in all conditions. 

Low activity of NTC11-LT calcined at 500 °C is attributed to poor crystallinity of anatase 

TiO2 and cubic NiO phases present in sample (Fig. 4.3a) as compared to the 600 °C calcined 

sample. From the trend, it is observed that activity increases with increase in crystallinity of 

the NiO and TiO2 phases. Thus, both crystallinity and presence of NiTiO3 phase determined 
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the overall H2 yield. Among all samples maximum photocatalytic hydrogen yield was 

observed over NTC11 or NiO-TiO2 (1:1) - LT calcined at 600 °C for 10 h with H2 yield @ 

204 mol/g/h under sunlight (Fig. 4.3c) persistent upto 60 h. Presence of NiTiO3 phase is 

minimal in NTC11, and therefore resulted in maximum activity in line with our other results. 

Thus, gel drying temperature of 90 °C and calcination at 600 °C for 10 h are the optimized 

conditions that offer a well crystalline pn nanojunction comprised of NiO and anatase TiO2 

phases (1:1) with minimal amount of NiTiO3.  

4.4 DFT  

It was important to understand the electronic properties and band structure of 

individual oxides constituting the composites. The electronic properties of TiO2 are well 

studied where distorted tetragonal lattice imparts favourable photocatalytic properties to 

anatase TiO2 [65]. First principles DFT based band structure calculations were performed on 

single phase rhombohedral, NiTiO3 and reported by Banerjee et al [201] which revealed that 

strong intermixing of Ni -3d with O -2p orbitals occurred in the valence band of NiTiO3 and 

resulted in generation of a pseudo band gap at 1.36 eV. This pseudo band gap might act as 

hindrance and may contribute in weakening the intensity of electronic transition due to Ni2+ 

4+ charge transfer. The highlights of these calculations are mentioned in experimental 

section. The inactivity of ilmenite NiTiO3 was also attributed to its structure consisting of a 

pseudo close packed hexagonal array of O2- ions with two thirds of the octahedral sites of any 

basal plane occupied by identical cations in an ordered hexagonal net [236]. Owing to this 

geometry the oscillator strength for the charge transfer transitions, Ni2+ 4+ becomes too 

weak to have an acceptable photoresponse in visible light. 

Since NiO shows spin polarized calculations, the electronic structure of NiO was 

calculated using VASP code in order to clarify the distribution of valence states of Ni, O 

atoms near Fermi level and to understand the role of NiO in modifying the photocatalytic 
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properties and enhancing the visible light activity of pn nanocomposites withTiO2. Fig. 4.17a 

show calculated band structures of NiO along a few high-symmetry directions; while Fig. 

4.17b show total as well as site- and l- projected partial density of states (DOS) for NiO. The 

lowest unoccupied state (LUMO) are found at G -point (0, 0, 0) and X point (0, 1, 0)  in the 

conduction band whereas the highest occupied state (HOMO) are found at point L (½, ½, ½)  

in the valence band as shown in Fig. 4.17a. The O-2p states in the valence band show a sharp 

peak near the Fermi level representing its localized nature. The strong optical transitions are 

due to flat bands from valence band to conduction band (shown by arrows in Fig. 4.17a) and 

these are found along L to G point, W to X point, from G - X to G point and G - X to X point. 

These transitions from highest occupied (HOMO) states in valence band to the unoccupied 

states (LUMO) in conduction band are at different k vector and exhibit a consistent band gap 

of about 3.0 eV. Thus, NiO is an indirect band gap material (Fig. 4.17a). The calculated Eg 

(band gap) of 3.0 eV is not consistent with the reported optical band gap (3.6 eV) due to 

limitations of the calculations performed here. The Fig. 4.17b shows the contribution of 

individual orbitals of Ni and O in formation of valence band and conduction band. Positive 

and negative n(E) corresponds to the majority and minority spin states, respectively. This 

convention has been used in all other DOS plots (Fig. 4.17b). Since NiO- shows spin 

polarized calculations, net magnetic moment was found to be 2.0 Bohr magneton. Near Ef, 

fermi level O-2p and Ni-3d states dominate show strong hybridization. Ni-4s states 

contributes in the middle region of valence band at around -3 eV where contribution from O-

2p states is smaller. The position of conduction band is dictated by Ni-3d states. The valence 

band consists of mainly O-2p, Ni-4s and 3d states (Fig. 4.17b), while the conduction band is 

mainly comprised of Ni-3d states. The O 2p states contribute considerably to the Density of 

states near Fermi level, whereas the Ni 3d and 4s just make the contributions in lower and 

mid part of valence band, respectively.  
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Fig. 4.17 a. Band structure of NiO along high-symmetry L (½, ½, ½), G (0, 0, 0), X (0, 1, 0), 
W (1/2, 1, 0) and K (0, 3/4, 3/4) directions. It can be seen from band gap that there is 
existence of an indirect band gap of 3 eV. b. Site- and angular momentum-projected partial 
density of states for NiO showing the valence band to be mainly composed of O - 2p and Ni - 
3d and 4s. 

Band calculations on NiO reveals that the large dispersion of Ni 3d and 4s states, and 

the optical indirect transition are in favour of photon energy storage and electron-hole 

separation to benefit the photocatalytic activity of NiO-TiO2 composites. The theoretical 

calculations reveal a net charge transfer of 1.248 electrons from Ni to O ions. The charge 

transfer properties of NiO lead to longer carrier lifetimes [252,253] facilitating e-/h+ 

separation for higher efficiencies, and its conduction band edge is suitable for driving 

hydrogen evolution via water splitting [254]. Nickel oxide is an inexpensive yet highly 

promising candidate for photocatalytic applications. NiO has a rock salt structure, with Ni2+ 

ions anti-ferromagnetically coupled in the [111] direction [255]. The valence band edge 

(VBE) is composed of O 2p and conduction band edge (CBE) of Ni 3d character. This makes 

NiO a charge transfer (CT) material. CT materials have VBE and CBE of different 

characters in contrast to Mott-Hubbard type semiconductors in which the VBE and CBE both 

have Ni 3d characters [255]. The large, indirect band gap of NiO has however limited its 
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functionality as a light absorber. In spite of absorbing light in UV region, the colour of NiO is 

black which is attributed to the impurity levels created above VBE and below CBE [256

259]. This model study is also useful in understanding the performance of similar 

photocatalysts. 

4.5 Determination of valence band offset (VBO) and conduction band offset (CBO) by 

XPS 

 Unfortunately, it is difficult to determine the exact nature of Ni Ti O linkages/ 

interactions on surface or bulk, but it may be assumed on the basis of above results that the 

NiO and TiO2 phases are in close proximity and it is very likely that pn junctions would 

commence by their interaction in the NTC11 composite. These close interactions of NiO-

TiO2 oxides leading to pn heterojunctions, would affect the band structure and electronic 

structure at the interface and consequently improves visible light absorption and 

photocatalytic activities of NTC11 composite. Performance of NTC11 composite as 

photocatalyst would be primarily determined by proper alignment of band levels of p and n 

semiconductors at the heterojunction. Valence band offset ( Ev) and conduction band offset 

( Ec) at NiO and TiO2 heterojunction was calculated using the equation 4.3 and 4.4 and 

schematically shown in Fig. 4.18a. This method is generally used to establish band offset of 

film-substrate interface. In order to record the energy of photoelectrons from both film and 

interface which is lying beneath the film, minimum thickness of film (~2 nm) is required. But 

in case of composite both the NiO and TiO2 are in contact with each other and within the 

analysis depth of the instrument. Hence thickness limitation is not taken into account.  

 Linear portion of valence band edge was extrapolated to the spectral baseline and the 

intercept will give the value of VBM energy. Here determination of VBM by linear 

extrapolation may involve some error but this may not affect the determination of band offset 

as it involves difference in energy rather than the absolute energy.  = -1.23 eV and 
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= 2.56 eV estimated using above mentioned technique. Since, the zero point of the 

binding energy scale corresponds to the Fermi level (EF), the position of the  and   

(valence band maximum) with respect to EF as expected, was negative (-1.23 eV) for p type 

NiO and positive (2.56 eV) for n type, TiO2 semiconductors. The energy difference between 

the CL and VBM for TiO2 was 457.01 eV and for NiO was 854.45 eV. ECL was found to be 

396.91 eV for NTC11 composite. Using equation 4.3 the calculated value of valence band 

offset Ev was 0.53 eV. By putting the value for Ev and band gap values of TiO2 and NiO in 

equation 4.4, conduction band offset ( Ec) was calculated and found to be 0.93 eV. 

Based on these calculations, the type-II band alignment was observed in NTC11 as 

shown in Fig. 4.18a where e- will be transferred from CB of NiO to CB of TiO2 and h+ will 

flow from VB of TiO2 to VB of NiO purely driven by the band energetics. A pictorial 

representation of the most probable mechanism proposed for NTC11 is shown in Fig. 4.18b.  

 

Fig. 4.18 a. Schematic diagram of band alignment derived at the interface of NiO-TiO2 
semiconductor. b. A pictorial representation of the most probable mechanism proposed for 
composite, NTC11. 

The alignment of bands in this new configuration has effectively reduced the 

forbidden gap to 3.2- Ev = 3.6- Ec = 2.67 eV at the pn junctions in the composite oxide. 

Thus, in present study, a composite of pn oxides offers lower band gap energy of 2.67 eV 

pn-junction

Effective band gap
3.2- Ev= 3.6- Ec = 2.67 eV

b.a.
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with effectiveness in charge separation leading to efficient improved photocatalyst with 

sustainable H2 yield for 60 h in sunlight.  

In support of this band alignment scheme, time resolved photoluminescence spectra 

have revealed increased life times of charge carriers due to efficient separation at the 

heterojunctions induced in NTC11. 

4.6 Novelty of work  

To review our results, literature reports on Ni-Ti-O systems were surveyed and the 

most relevant ones for H2 evolution are listed in Table 4.9. Ni incorporated in TiO2 in any 

form whether on surface by impregnation, or coupled with titania as NiO or in form of 

cationic dopant substituting Ti4+ in titania lattice, results in enhancement of activity. 

Dispersion of minor amounts of NiO on TiO2 surface by wet impregnation is commonly used 

strategy which has been adopted by most of researchers to enhance the hydrogen yield as 

there it acts as trap centres for electrons and sites for the photoreduction. Also, these trap 

centres formed on surface directs the photogenerated electrons to reach surface. Melian et al 

[221] have modified the catalytic properties of TiO2 by incorporating Ni and N both at the 

crystallographic sites of TiO2 lattice and have reported H2 yield of 260 mol/h over 1 g of the 

most active oxide doped catalyst under fluorescent lamps. However, another approach in 

which both NiO and TiO2 in substantial amounts is merged in a composite; offers efficient 

charge separation, by increasing the life of e- and h+ produced during the photoirradiation 

was entirely different, proceeding via altered mechanisms and had therefore renewed the 

interest. The improved photocatalytic properties of composites are by virtue of 

heterojunctions formed at the interfacial contact of dissimilar semiconductors of NiO and 

TiO2. Li et al. [222] and Yu et al. [260] have investigated pn junctions in bicomponent 

composites and reported H2 generation using mesoporous NiO/TiO2 with 377 mol/h/g and 

NiO/rGO/TiO2 with 240 mol/h/g respectively. Among all reports, catalysts used in our 
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studies have shown comparatively better performance in the terms of H2 yield (Table 4.9), 

although it is pertinent to mention here that experimental conditions used for activity 

evaluation are not same. Here, a comprehensive comparison of the composites, NTC11, 

NTC36 with their component oxides and the secondary pure phase, NiTiO3 which was found 

to coexist and was degrading the photocatalytic activity, under identical conditions is 

reported. The results reported here offer conversion rates under actual sunlight unlike most of 

the reports showing activity in UV light. With an aim to extend this work to a pilot plant, H2 

yield obtained over 100 mg of photocatalyst are extrapolated to more realistic extrapolation 

of per illumination area (m2) in addition to per g (Table 4.9). Most active photocatalyst, 

Pt/NiO-TiO2 was found to generate photocatalytic H2 @ of 1250 mol/h/g or 1.4 L/h/m2 with 

AQE of 7.8 % under UV visible irradiation and 537 mol/g/h or 0.6 L/h/m2 under sunlight 

with AQE of 5.4 % and SFE of 0.8 %. The Ni-Ti composites were found to be cheap, active 

and stable photocatalysts and are therefore potential candidates for solar photocatalytic 

applications. 

Table 4.9 Comparison of present study with literature reports on various Ni-Ti-O systems for 
photocatalytic H2 evolution under stated experimental conditions. 

Author Photocatalyst Source of light H2 yield Reaction conditions AQE 

Dengwei 
Jing et al 

[100] 

Nickel doped 
mesoporous 

TiO2 

300 W high-
pressure Hg 

lamp 
~185 mol/h 

0.3 g photocatalyst 
suspended in 300 ml 
of 20 vol % aqueous 

methanol solution 

Not 
given 

Ruixia Liu 
et al [220] 

NiOx-loaded 
TiO2 

500 W high-
pressure Hg 

lamp 
 

20 mg photocatalyst 
suspended in a 

mixture of 10 ml 
water and 2 ml 
glycerol and 

irradiation carried out 
at 50 °C 

Not 
given 

E. Pulido 
Melián et 
al [221] 

TiO2 modified 
with different 
Ni/Ti molar 

ratios (0.015, 
0.030, 0.045) 
and constant 
Ni/N ratio 

A set of two 
Solarium 

Philips HB175 
lamps, each 

equipped with 
four 15 W 

Philips CLEO 

260.76 
mol/h 

Photocatalyst  
(concentration of 1 

g/L) suspended in 200 
ml of aqueous 

suspension containing 
25 % methanol and 
pH adjusted to 5 by 

Not 
given 
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4.7 Conclusion 

In the present study, the nanocrystalline composites of NiO and TiO2 oxides in four 

different compositions were synthesized, with an objective to create the interfacial contact 

between diverse semiconductors; p and n type so that electric field is induced within catalysts 

particles, leading to efficient separation of charge carriers, e- and h+ which are generated 

during the photocatalytic process. Further, to accentuate the role of pn heterojunctions in 

equal to 1.5 florescent 
tubes 

using NaOH solution

Lingling Li 
et al [222] 

Mesoporous 
NiO/TiO2 

bicomponent 
composite 
nanofibers 

300 W Xenon 
lamp 377 mol/h/g 

50 mg of 
photocatalyst 

suspended in 80 ml 
aqueous methanol 

solution (methanol 25 
vol%) 

1.7% 

Sreethawo
ng  et al 

[246] 

NiO-loaded 
TiO2 

photocatalyst 
synthesized by 

Single-step 
sol-gel (SSSG) 
and incipient  

wetness 
impregnation 
(IWI) method 

300 W high-
pressure Hg 

lamp 

SSSG 
NiO/TiO2 

with 1.5 wt% 
NiO loading: 
162.6 mol/h 

IWI 
NiO/TiO2 

with 1 wt%  
NiO loading: 
117.4 mol/h 

0.2 g photocatalyst 
suspended in 200 mL 
of distilled water, 20 

ml of methanol 

Not 
given 

Xin Yu et 
al [260] 

NiO/rGO/ 
TiO2 p n 
hetero- 

structured 
coaxial 

nanocable 

Commercial 
solar simulator 

(300 W) 
equipped with 
a Xenon lamp 

 

 

50 mg photocatalyst 
dispersed in 80 ml of 
distilled water and 20 

ml of methanol 

Not 
given 

Present 
work 

NTC11 

400 W UV-
visible 

medium 
pressure Hg 

lamp 

or 
940.5 ml/h/m2 

100 mg photocatalyst 
suspended in a 

mixture of 10 ml 
water and 5 ml  

methanol 

5.3 

Direct 
Sunlight 

or 
228.5 ml/h/m2 

2.0 

Pt/NTC11 

400 W UV-
visible  

medium 
pressure Hg 

lamp 

1250 
 or 

1400.0 
ml/h/m2 

100 mg photocatalyst 
suspended in a 

mixture of 10 ml 
water and 5 ml  

methanol. Evaluated 
for 60 h 

7.8 

Direct 
Sunlight 

537  
or 601.7 
ml/h/m2 

5.4 
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composites, the photocatalytic properties of these composites; NTC11 and NTC36 were 

investigated in detail for H2 evolution reaction and compared with the pure oxides, NiO, TiO2 

and NiTiO3 prepared under identical conditions. It was found that among all samples, NTC11 

was distinctly most active and repetitive cycles yielded reproducible H2 yields for 60 h under 

sunlight confirming its photostability under prolonged exposure. Formation of pn 

nanojunctions in NTC11 evident by enhanced life times of charge carriers monitored by time 

resolved photoluminescence. Uniform distribution of NiO and TiO2 nanoparticles with Ni/Ti 

in ratio of 0.99 and 0.95 at bulk and surface, respectively was found in NTC11 sample. It 

shows presence of monodisperse, nanosized faceted particles, having higher surface area, 

better porosity and pore volume. Phase identification by XRD revealed the formation of 

desired composite where, crystalline NiO and TiO2 phases appear with minimal NiTiO3 

phase. The presence of impurity ilmenite phase, NiTiO3, more prominent in NTC36 than 

NTC11, will however, disrupt the pn junctions formed in the composite oxides, and may 

interrupt in the swift drive of charge carriers across the junctions. The crystal and electronic 

structure of NiTiO3 are responsible for its poor activity. First principles calculations by 

density functi

helped in understanding its behavior as PL quencher and its contribution in visible light 

absorption of composites. Valence band offset ( Ev) and conduction band offset ( Ec) at NiO 

and TiO2 heterojunction in NTC11 was calculated and found to be 0.53 eV and 0.93 eV, 

respectively. Type-II band alignment was derived at the interface and the effective forbidden 

gap was deduced to be 3.2(Eg, TiO2) - Ev = 3.6(Eg, NiO) - Ec = 2.67 eV. Thus, a composite of 

pn oxides offers lower band gap energy of 2.67 eV as compared to both pure oxides TiO2 and 

NiO with effectiveness in charge separation across the pn junction leading to efficient 

improved photocatalyst. This study demonstrates the benefit of designing of pn junction from 

low cost and earth abundant NiO and TiO2 for enhancing the photocatalytic H2 evolution 
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activity by tendering lower band gap energy and facilitating charge separation. Thus, NiO 

and TiO2 in 1:1 ratio devoid of derogatory effect of NiTiO3 phase are active, cheap and stable 

photocatalyst which can be projected as potential photocatalysts for actual large scale solar 

applications.
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5 Chapter-5                                                                     

Synthesis, Characterization and Photocatalytic Properties of 

C@TiO2 Composites (Carbon = 0.14 - 14.7 Wt %)  

5.1 Introduction 

As discussed in introduction chapter, carbon- semiconductor heterojunction formation 

is one of the effective way to reduce recombination of electron and hole pair as well as to 

enhance light absorption properties of semiconductor like TiO2. Carbon in different forms 

offers several advantages such as electronic conductor due to sp2 hybridized carbon, high 

surface area, acts as cocatalyst, enhances light absorption properties [118]. These properties 

of carbon make it a promising candidate for modifying photocatalytic activity of TiO2. There 

are many approaches to incorporate carbon doping [261,262], dispersion in different forms 

[263] and coating [264,265].  

Yang et al [266] synthesized TiO2-carbon hybrid nanomaterials by heating oleylamine 

wrapped TiO2 nanosheets in inert atmosphere for photocatalytic H2 evolution. These hybrid 

nanomaterials exhibit higher and stable photocatalytic H2 generation than pure TiO2 

nanoparticles. Parayil et al [267] found enhanced H2 yield over C modified TiO2 with an 

optimum carbon loading of 3.62 %. Zhao et al [87] synthesized TiO2 nanotube sandwiched 

between two thin tubes of graphitic carbon and has shown enhanced H2 production at the rate 

of 37.6 mmol/h/g by illuminating the photocatalyst under solar simulator in presence of Pt as 

cocatalyst and ethanol as sacrificial reagent. The high activity of the composite attributed to 

the synergistic effect between carbon and TiO2 for enhancing the charge carrier separation 

and increased light absorption. 
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There are several studies investigated application of C-TiO2 composite for oxidation 

of organic contaminants. Zhang et al [264] coated carbon on TiO2 hollow spheres which has 

shown enhanced light absorption for degradation of Rhodamine B and found that formation 

of Ti-O-C bond is beneficial for the charge transfer between TiO2 and Carbon. Nawi et al 

[268] revealed that optimum thickness of carbon coating should be 0.68 nm for photocatalytic 

degradation reaction. Hybridization of graphitic carbon with TiO2 shows enhancement in 

photocatalytic activity due to favoured electronic interactions at the interface investigated by 

the electrochemical studies [265,269]. Although extensive literature is available on 

photocatalytic activity of carbon modified TiO2. However, the specific site where carbon 

incorporated in TiO2 is yet to be revealed. 

In the present study, carbon decorated sample was synthesized by sol-gel method. 

Ethylene glycol was used as carbon precursor. Ethylene glycol is selected as precursor as it is 

a cross linking reagent also, it polymerizes with titanium precursor and forms organic-

inorganic polymer. This polymer after calcination in inert atmosphere forms carbon@TiO2 

composite. C-TiO2 composite are reported in literature using various carbon sources such as 

glucose [270], sucrose [262,267], oleylamine [266], cyclohexane [271] etc. 

Till date there are no reports to the best of our knowledge, on application of C-TiO2 

nanocomposite using ethylene glycol and titanium tetrabutoxide for photocatalytic H2 

generation under sunlight. To establish the phase purity/composition, surface morphology, 

oxidation states, elemental quantification, optical features, electronic properties, samples 

were characterized by XRD,FTIR, Raman spectroscopy, XPS, XAS (EXAFS/ XANES), HR-

TEM, CHN analysis, ICP-OES and DRS. Also, photocatalytic activity was evaluated by 

monitoring generation of hydrogen from aqueous methanol (33 % v/v) in evacuated 

atmosphere under UV-visible and natural sunlight. H2 evolution for 32 h under sunlight 
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illumination was evaluated over most active sample. Apparent quantum efficiency (AQE) 

achieved is reported here. 

5.2 Experimental 

5.2.1 Synthesis of C@TiO2 

8.5 ml of tetrabutyltitanate (TBT) was poured to 10.5 ml of ethylene glycol (EG) 

along with stirring till it solidifies. A solution containing 2.7 ml water + 170 ml acetone was 

added drop wise to the above mixture. Finally the gel was centrifuged, washed with water 

and ethanol several times and dried at 80 °C to obtain white colloidal organic inorganic 

polymer. This polymer was calcined in an argon atmosphere at 500 °C for 9 h at a heating 

rate of 2 °C/min, to obtain homogeneous C@TiO2 nanocomposites. In a similar way, a series 

of samples were prepared by varying the amount of EG from 14, 20, 25, 50, 75 and 100 ml 

and abbreviated as C@TiO2 followed by the amount of ethylene glycol added. For 

comparison, pristine TiO2 was prepared under similar condition without addition of EG and 

calcining the sample in air at 500 °C for 9 h.  

1 % w/w of Pt was dispersed over C@TiO2 composite by photodeposition method 

explained in detail in Chapter 4.  

5.2.2 Characterization 

Powder XRD patterns were recorded on a Philips diffractometer (model PW 1710), 

equipped with a graphite monochromator and Ni-filtered Cu-K  radiation. The crystallite size 

was calculated from the XRD line width using the Scherrer equation. N2- BET surface area 

was measured with a Micromeritics 3Flex analyser using nitrogen as the adsorbing gas. The 

elemental analysis of Ti present in the samples was evaluated using ICP-OES (JobinVyon JY 

2000, France). Amount of carbon present in the sample was determined by using Euro vector 

elemental analyser (Euro EA 3000 series). Raman spectra were recorded using 532 nm lines 
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light was analyzed using an indigenously built 0.9 m single monochromator, coupled with a 

super notch filter and detected by a cooled charge couple device (CCD, Andor Technology). 

A resolution limited line width of 3 cm-1 

Optical properties of all samples was estimated by recording their diffuse reflectance UV-

visible spectra using a spectrophotometer of JASCO model V-530, Japan, scanned in the 

range of 200-1000 nm at the scanning speed of 200 nmmin-1. EXAFS measurements of the 

C@TiO2 samples at the Ti K edge were carried out in fluorescence mode at the Scanning 

EXAFS Beamline (BL-9) at the INDUS-2 Synchrotron Source (2.5 GeV, 100 mA) at the 

Raja Ramanna Centre for Advanced Technology (RRCAT), Indore, India. The beam line 

uses a double crystal monochromator (DCM) in the photon energy range of 4-25 keV with a 

resolution of 104 at 10 keV. XPS experiments were recorded on an electron spectrometer 

(SPECS, Surface Nano Analysis GmbH, Germany) using Mg- K X-rays (h =1253.6 eV) as 

the primary source of radiation with an overall energy resolution of the instrument of about 

0.7 eV. The appropriate corrections for charging effects were made with the help of a C 1s 

signal appearing at 284.5 eV. 

5.2.3 Photocatalytic activity  

Photocatalytic activity of all these samples was evaluated for H2 generation from 

aqueous methanol solutions (33 % v/v) by irradiating under sunlight and UV-Visible light. 50 

mg of sample was suspended in 15 ml of water + methanol (33 % v/v) solution and irradiated 

under medium pressure mercury lamp (Hg, SAIC, India, 400 W) placed in an outer 

irradiation type quartz cell surrounded with water circulation jacket to absorb IR irradiation. 

Photocatalytic H2 production was quantified by gas chromatography (Shimadzu, GC 2010 

plus) equipped with carboxen column (30 m length, 0.32 mm ID) and thermal Conductivity 

detector using Ar as the mobile phase.  
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Under sunlight, a mixture suspended with photocatalyst was irradiated for duration of 

4 h during afternoon (11.00-15.00 IST) to evaluate the photocatalytic properties. Solar flux 

was measured using light meter LX 1108, Lutron Electronic. Flux was measured daily in the 

peak hours and average of lux recorded during 11.00-15.00 were used for AQE and SFE 

measurement. 

5.3 Results and discussion 

5.3.1 Characterization 

Carbon and Ti present in C@TiO2 sample were quantified by CHN and ICP-OES 

analysis as mentioned in Table 5.1. The amount of carbon varies from 0.14 to 14.7 wt % as 

estimated by CHN analyzer. The amount of carbon determined by CHN analyzer is lesser 

than the expected amount. ICP-OES technique was utilized to estimate amount of Ti present 

in C@TiO2 composites (Table 5.1). Probably during synthesis there may be looss of EG from 

the as synthesized sample while washing with water. To confirm presence of water in 

C@TiO2 samples, TGA-DTA-EGA were recorded. 

Table 5.1 C and TiO2 content determined in C@TiO2 composite samples by ICP-OES and 
CHN analysis 

Sample 
TiO2 by ICP-OES 

(% w/w) 
C from CHN analyzer 

(% w/w) 

TiO2 99.94 - 
C@TiO2EG10 95.05 0.14 
C@TiO2EG14 93.57 0.36 
C@TiO2EG20 88.76 3.8 
C@TiO2EG25 92.15 3.8 
C@TiO2EG50 85.01 4.8 
C@TiO2EG75 79.23 8.3 

C@TiO2EG100 78.34 14.7 
 

Thermogramme of C@TiO2EG20 sample was recorded in air till 1000 °C shows mass 

loss in two steps (Fig. 5.1). The first step shows weight loss of 2.87 % in the range of 45.77- 

224.95 °C and second step shows weight loss of 5.05 % in the temperature range of 224.95- 
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479.67 °C. Total weight loss was 7.92 % from the sample. DTA shows that all the steps are 

exothermic in nature. Gases evolved at different stages were analyzed by FTIR coupled with 

TGA. FTIR spectrum of evolved gases recorded at 90 °C shows characteristic peaks of 

physically bonded water whereas FTIR spectrum recorded at 400 °C shows peak attributed to 

both H2O and CO2. Heating in presence of air oxidizes carbon to CO2. 

 

Fig. 5.1 TGA-DTA analysis of C@TiO2EG20 sample in presence of air. 

Fig. 5.2a shows XRD pattern of uncalcined sample where presence of broad peak 

centered at 25.78° is observed confirms amorphous nature of C@TiO2EG20 sample before 

calcination. Fig. 5.2b shows XRD pattern of calcined samples at 500 °C in inert atmosphere. 

XRD pattern of C@TiO2 samples exhibits peaks corresponding to anatase phase of TiO2. 

Peak appearing at 2  = 25.4°, 37.0°, 37.9°, 38.7o, 48.0o, 53.8°, 55.3°, 62.8° and 68.8° 

corresponding to (101), (103), (004), (112), (200), (105), (211), (204) and (116) planes of 

anatase phase of TiO2 (JCPDS No: 21-1272). Peak broadening was observed with increase in 

carbon content. Crystallite size calculated by Scherrer equation is tabulated in Table 5.4. The 

crystallite size of TiO2 was about 22.9 nm and it progressively decreases to 5.8 nm with 
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increase in carbon content. From, this it was inferred that presence of carbon might have 

inhibited the agglomeration of particles.  

 

Fig. 5.2 XRD pattern of a. uncalcined C@TiO2EG20 sample b. C@TiO2EG (EG= 10, 14, 20, 
25, 50, 75, 100) samples calcined in argon atmosphere at 500 °C for 9 h. 

To know more about structural details FTIR and Raman spectra was recorded. Fig. 

5.3 shows FTIR spectrum of uncalcined and calcined sample. Uncalcined sample shows band 

at 327 and 550 cm-1 corresponds to Ti-O vibrations. The broad band around 550 cm-1 

corresponds to stretching vibration of Ti-O-Ti [272]. Peak at 1630 cm 1 assigned to H-O-H 

bending vibration mode of water molecules [273] and broad band in the range of 3000-3500 

cm-1 attributes to the stretching vibration of hydroxyl group of physically adsorbed water or 

can be from ethylene glycol. Peak at 2866 and 2934 cm-1 corresponds to alkyl (-CH2) 

symmetric or asymmetric stretching of C-H bond of CH2 groups of ethylene glycol 

respectively [274]. 1456 cm-1 corresponds to bending of CH2 group, 1150-1350 cm-1 
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corresponds to the scissoring of C-H bonds of CH2 groups [274]. Peak at 1075 and 1550 cm-

1 are ascribed to the presence of C-O [273] and COO- group [275].  

 

Fig. 5.3 FTIR spectra of uncalcined and calcined C@TiO2EG20 sample compared with TiO2. 

Pristine TiO2 calcined at 500 °C shows bands at 352 and 548 cm-1 corresponding to 

Ti-O vibration. Calcined sample did not show presence of 1075, 1456, 1150-1350, 2866 and 

2934 cm-1 bands. However, after carbon incorporation the FTIR spectrum has shown 

different features. IR spectrum of representative sample C@TiO2EG20 is shown in Fig. 5.3. 

C@TiO2 composite sample shows band at 351 cm-1 and a broad peak centered at 480 cm-1. 

The peak observed at 550 cm-1 for bare TiO2 was found to shift to 480 cm-1 in EG20 sample. 

Bands at 1630 and 3430 cm-1 attributed to OH group and peak at 1550 cm-1 corresponding 

to the -COO- group were found [275].  

Raman spectra of C@TiO2 samples show characteristic peaks of anatase phase of 

TiO2 (Fig. 5.4) and graphitic carbon (Fig. 5.5). Anatase phase of TiO2 shows six Raman 

active mode at 144 (Eg), 197 (Eg), 399 (B1g), 513 (A1g), 519 (B1g) and 639 cm-1(Eg). The two 
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peaks of doublet (513 and 519 cm-1) merges to one peak at 516 cm-1 at room temperature 

[184]. Eg, 144 cm-1 is the most intense and sharp vibration mode and others are weak 

vibrations. Eg mode is very sensitive to crystal domain size and oxygen defects [276]. With 

increasing carbon content, progressive shift towards higher wave number and peak 

broadening were observed [277]. This confirms that the presence of carbon prevents the 

agglomeration of TiO2 particles. Yang et al [266] observed a shift in Eg mode of anatase TiO2 

also in carbon hybridized TiO2 samples and assigned it to both grain size and interaction 

between C and TiO2.  

 

Fig. 5.4 Raman spectra of TiO2 and C@TiO2 samples. 

Two bands were observed in all samples in frequency region of 1160-1760 cm-1, 

called as D and G bands reported at ~1355 and 1575 cm-1 (Fig. 5.5) [278]. The G band reveals 

the presence of sp2 hybridized carbon atoms in graphite like arrangement and D band 

corresponds to disorder sp2 carbon atom in the structure. For C@TiO2EG100 sample D and G 

bands observed at 1349 and 1595 cm-1 respectively, where G band has shifted to higher 
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wavenumber as compared to pure graphite indicating structural imperfection in the carbon 

[265,278]. 

 

Fig. 5.5 Raman spectra of C@TiO2 samples shows presence of D and G band.  

Ratio of ID/IG suggests the degree of graphitization [279]. Lower the ratio more is the 

degree of graphitization. Intensity of G band is comparable to that of D band in case of 

C@TiO2EG10 and 14 sample whereas on further increase in carbon content intensity of G 

band increases along with narrowing of the band. ID/IG ratio decreases marginally with 

increase in carbon content in the sample (Table 5.2). This implies degree of graphitization is 

increases with increase in carbon content of the sample.  

Table 5.2 Ratio of ID/IG in C@TiO2 samples 

Sample D band (cm-1) G band (cm-1) ID/IG 
C@TiO2 EG10 1431 1610 1.07 
C@TiO2 EG14 1406 1627 1.00 
C@TiO2 EG20 1360 1598 0.97 
C@TiO2 EG25 1362 1597 0.99 
C@TiO2 EG50 1364 1597 0.98 
C@TiO2 EG75 1356 1596 0.96 
C@TiO2 EG100 1349 1595 0.99 
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Local structure around Ti ions was qualitatively analysed by recording XAS (EXAFS/ 

XANES). Oxidation state of Ti ion was analyzed using XANES. The normalised XANES 

spectra recorded at Ti K edge is shown in Fig. 5.6. The absorption edge arises due to the 

transition of 1s electron into unoccupied 4p orbital. The absorption edge position is sensitive 

to the oxidation state of the absorbing atoms. The XANES spectra of TiO2 show absorption 

edge at 4987.7 eV confirms the presence of Ti in +4 oxidation state. No shift in peak position 

was observed after carbon incorporation confirming the presence of Ti in +4 oxidation state 

in modified samples.  

Being a transition metal, Ti shows spectral features immediately before the absorption 

edge called pre-edge spectral features. The pre-edge feature shown in Fig. 5.6 is marked as A, 

B and C, while the enlarged view of the pre-edge region is shown in the inset of the Fig. 5.6. 

These pre-edge features arise due to the transition of 1s electron into hybridized Ti 3d- O 2p 

states. In general TiO2 is present in two polymorphs, anatase or rutile. The anatase phase of 

TiO2 shows three strong pre-edge peaks and the rutile phase shows a weak peak and two 

separate strong peaks [280].The pre-edge peak B and C is attributed to the 1s-2t2g and 1s-3eg 

transitions in octahedral field respectively [281]. The pre-edge peak A is attributed to exciton 

band or 1s-1t1g transition from possible perturbation due to shakeup and shakeoff processes 

[282]. The presence of three pre-edge peaks in the present samples indicates that anatase 

phase is the major phase in these samples. The pre-edge peak intensity is directly related to 

the disorder of the coordination shell. Higher disorder produce intense peak and lower 

disorder produce small pre-edge peak intensity. With the analogy given above, the sample 

with 4.8 % w/w carbon (EG50) has maximum disorder as compared to bare TiO2. The 

intensity of pre-edge peak marked as B is higher in EG50 sample (Fig. 5.6). The peak 

intensities of spectral features denoted by E, F and G also depend on the relative presence of 

the anatase or rutile phase. In case of the Rutile phase peak F is strong, however for anatase 
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phase this peak is absent. Small hump type of shape at position F in the present samples 

indicates that small amount of rutile phase is also present in these samples along with the 

major anatase phase [280]. However, peak due to rutile phase is not observed in the XRD 

spectrum.  

 

Fig. 5.6 Normalised XANES spectra of TiO2 at Ti K-edge along with reference metal foil. 

The r) versus r plots generated (Fourier transform range k = 2.0-9.5 Å-1) for all the 

samples from the µ(E) versus E spectra following the methodology described in Chapter 2 

and shown for TiO2 measured at Ti K edge in Fig. 5.7. 
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Fig. 5.7 Normalised EXAFS spectra of a. Ti metal, b. TiO2, c. C@TiO2EG14, d. 
C@TiO2EG20, e. C@TiO2EG50, f. C@TiO2EG100 at Ti K-edge along with reference Ti 
metal 

The structural parameters (atomic coordination and lattice parameters) of TiO2 used 

for simulation of theoretical EXAFS spectra of the samples have been obtained from ref. 

[283,284] and the best fit r) versus r plots of the samples have been shown in Fig. 5.8 along 

with the experimental data for all the samples. The bond distances and disorder (Debye-

Waller) factors ( 2), which give the mean square fluctuations in the distances, have been used 

as fitting parameters. The amplitude reduction factor (S0
2) obtained from the standard sample 

is used as a constant in all the fittings. The best fit results of the above are summarized in 

Table 5.3. The first peak around 1.5 Å in Fig. 5.8(a) for the pristine TiO2 has contributions 

from six oxygen atoms where 4 oxygen atoms are at a distance of 1.95 Å and 2 oxygen atoms 

are at 1.97 Å from the Ti atom. The second coordination peak which appears at 2.6 Å has 

contributions from four Ti-Ti paths at 2.95 Å. The coordination peak at 3.30 Å is again due to 

four Ti-Ti scattering paths at 3.78 Å distance. The number of peaks are same for all the 

samples, however their peak position and intensity are slightly different. 

5000 5200 5400 5600

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

a. 

Energy (eV)

b.

c.

d.

e. 

f. 



171 
 

 

Fig. 5.8 Fourier transformed EXAFS spectra of TiO2 at Ti K-edge (Scatter points) and 
theoretical fit (Solid line) (a) pristine TiO2, (b) C@TiO2EG14, (c) C@TiO2EG20, (d) 
C@TiO2EG50 and (e) C@TiO2EG100. 

Following inference is drawn from data given in Table 5.3.  

 From the EXAF data, it is clear that carbon has been incorporated in the bulk as it is 

affected the r, N and 2 parmeters beyond experimental error. 

 The distortion in TiO6 octahedra is progressively increasing with carbon content upto 4.8 

wt %. From rise in intensity of pre-edge peak of EG50 sample also, it is confirmed that 

distortion is maximum in TiO6 of EG50 sample.  

 The bond length (r) of Ti-O linkages corresponding to square planar (N= 4, Table 5.3) 

are decreasing while that of Ti-O linkages (N=2) in bypyramid are increasing with 

increase in carbon content, suggesting overall distortion in TiO6 octahedra of anatase. 

 Effect of carbon is observed in first co-ordinate only (Ti-O) bonds, whereas second co-

ordinating sphere (Ti-Ti) is unaffected. 

 Characteristics of TiO2EG100 are similar to bulk pristine TiO2, indicating that at higher 

content of carbon, the carbon has segregated as separate phase. 

 Possibly carbon has affected local environment of Ti at square pyramid only. 
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Table 5.3 Bond distances, co-ordination number and disorder factor ( 2) of C@TiO2 samples

Modification of surface properties due to incorporation of carbon is investigated by 

N2-BET and XPS. Crystallite size, N2-BET surface area, pore size and cumulative pore 

volume of C@TiO2 as compared to pristine TiO2 are tabulated in Table 5.4.  

Table 5.4 Crystallite size, surface area, pore size and volume of C@TiO2 samples 

Sample 
Crystallite size 

(nm) 

Particle size 
by TEM 

(nm) 

Surface 
area (m2/g) 

Pore 
volume 
(cm3/g) 

BJH Pore size 
distribution 

TiO2 22-23 8-20 19.9 0.03136 
Distribution of pore size 

from 30-58 Åwith 
maxima at 38 Å 

C@TiO2E
G14 

15-16  32.9 0.04756 
Narrow distribution 
from 32- 46 Å with 
maxima at 36.34 Å 

C@TiO2E
G20 

8-9 5-11 99.8 0.13846 
Binodal distribution 29-
150 Åwith maxima at 37 

and 63 Å 
C@TiO2E

G25 
7-8  - - - 

C@TiO2E
G50 

7-8  78.6 0.05709 
Narrow distribution in 
the range of 29- 47 Å 
with maxima at 37 Å 

C@TiO2E
G75 

6-7  - - - 

C@TiO2E
G100 

5-6 5-6 146.6 0.14606 
Broad distribution of 

pore, Maxima at 33Å° 

Paths 
Paramet-

ers 
TiO2

 C@TiO2  

EG14 
C@TiO2     

EG 20 
C@TiO2      

EG 50 
C@TiO2 

EG 100 
Ti-O r (Å) 1.95± 0.01 1.94±0.01 1.94±0.01 1.93±0.01 1.95±0.01 

 N 4 4 4 4 4 

 2 ( Å2) 
0.0068± 
0.0005 

0.0058± 
0.0007 

0.0046± 
0.0006 

0.0076± 
0.001 

0.0070± 
0.0007 

Ti-O r (Å) 1.97±0.01 1.97±0.01 1.97±0.01 1.96±0.01 1.98±0.01 
 N 2 2 2 2 2 

 2 ( Å2) 
0.0068± 
0.0005 

0.0058± 
0.0007 

0.0046± 
0.0006 

0.0077± 
0.001 

0.0070± 
0.0007 

Ti-Ti r (Å) 2.95±0.01 2.95±0.01 2.95±0.01 2.96±0.01 2.97±0.01 
 N 4 4 4 4 4 

 2 ( Å2) 
0.0049± 
0.0005 

0.0034± 
0.0008 

0.004± 
0.0006 

0.0052± 
0.0008 

0.0070± 
0.0009 

Ti-Ti r (Å) 3.78±0.02 3.77±0.02 3.78±0.01 3.77±0.02 3.78±0.01 
 N 4 4 4 4 4 

 2 ( Å2) 
0.0033± 
0.0007 

0.0035± 
0.0012 

0.0036± 
0.0011 

0.0045± 
0.0012 

0.0070± 
0.0013 
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Fig. 5.9 shows that both pristine TiO2 and C@TiO2 samples shows type IV adsorption 

isotherm. Composite sample have shown enhanced surface area as compared to 20 m2g-1 of 

pristine TiO2. It was observed that with increase in carbon content surface area and pore 

volume also increases. All the samples are mesoporous in nature as their pore diameter is in 

the range of 20-500 Å. C@TiO2EG20 sample shows binodal distribution of pore size in the 

range of 29-150 Å with maxima at 37 and 63 Å where as TiO2 shows maxima around 38 Å 

with broad distribution of pore size from 30 to 58 Å. Sample with maximum carbon content 

of 14.7 % w/w (EG100) shows maximum surface area of 146 m2/g with cumulative pore 

volume of 0.14606 cm3/g. 

 

Fig. 5.9 N2-BET isotherms of a. TiO2 and b. C@TiO2EG20 sample with pore size 
distribution (shown in inset). 

Low and high resolution TEM images with particle size distribution and SAED 

patterns are shown in Fig. 5.10 a, b and c for TiO2, C@TiO2EG 20 and 100 respectively. Low 

resolution image of pristine TiO2 shows agglomeration of faceted TiO2 particles. HR-TEM 

images of all samples shows lattice fringes with fringe width of 0.35 nm correspond to 101 

plane of anatase TiO2. Diffused rings with dotted pattern form SAED of TiO2 and C@TiO2 
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samples revealing nanocrystalline nature of these powders. These patterns were indexed and 

found to consist of anatase phase of TiO2 in agreement with XRD results.  

 

 

 

Fig. 5.10 Low and high resolution TEM images and SAED pattern of a. TiO2, b. C@TiO2 

EG20 c.C@TiO2EG100 samples 
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Fig. 5.11 shows the DRS spectrum of all samples. TiO2 shows band gap at 3.2 eV. 

DRS spectrum of a composite sample is a result of an overlap of the band structures of both 

the carbon and TiO2. It was observed that with increase in carbon content, absorption in 

visible region increases, suggesting carbon has modified optical properties favourably. Hence 

C@TiO2 samples are suitable to utilize visible region of sunlight.  

 

Fig. 5.11 Light absorption properties of C@TiO2 samples as a function of carbon content 
recorded using DRS   

XPS Survey scan of samples shows peak correspond to C, Ti and O elements with 

photoelectron peaks appearing at binding energies 529 (O 1s), 458 (Ti 2p3/2), 464 (Ti 2p½) 

and 285 eV (C 1s). Fig. 5.12a shows high resolution spectra of C1s of different samples. C1s 

spectra recorded for bare TiO2 shows peak at binding energy 284.5 eV due to presence of 

adventitious carbon on the surface. Broadening of the C1s peak increased in sample with 

increase in carbon content of the sample. C1s spectrum of carbon incorporated samples was 

deconvulated to give three distinct peaks. C@TiO2EG25 shows peak at 284.05, 286.14, 

290.39 eV associated with sp2 hybridized graphitic carbon, C-O (or C-O-C) group and 

COOH species or - * transition respectively [285]. No peak corresponds to Ti-C bond were 

found at 282.0 eV [286]. 
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Fig. 5.12 High resolution spectra of a. C1s, b. Ti 2p and c. O 1s of TiO2 and C@TiO2 
samples. 

 High resolution spectra of Ti 2p shows peak at binding energy 457.9 eV and 463.8 

eV corresponds to Ti 2p3/2 and 2p1/2 respectively as shown in Fig. 5.12b. Peak at binding 
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energy 458.16 eV assigned to Ti4+ state [192]. A systematic shift in Ti 2p3/2 and 2p1/2 towards 

higher binding energy with increase in carbon content is attributed to increasing interactions 

of Ti4+ ion with carbon as suggested by EXAFS studies also (Fig. 5.12b)  

High resolution spectra of O 1s of TiO2 shows presence of three peaks at binding 

energy corresponds to peak at 529.20, 530.19 and 531.08 eV ascribed to Ti-O, hydroxyl 

group and adsorbed H2O molecules respectively. O 1s spectra of C@TiO2 samples also 

deconvulated into three peaks as shown in Fig. 5.12c. Peaks at binding energy 529.2, 531.5 

and 532 eV corresponds to Ti-O, C=O and C-O (or C-O-C) respectively [279]. 

Atom % over the surface of sample was calculated and tabulated in Table 5.5. The 

atomic ratio of [O]/[Ti] significantly increased for EG100 due to hydroxylation of carbon 

along with Ti as evident from TG-DTA. As expected [C]/[Ti] and [C]/[O] concentration 

increases with increase in carbon content. This suggests that surface is becoming rich in 

carbon content. That will impart favourable light absorption properties to catalyst. 

Table 5.5 Elemental compositions derived from XPS study of C@TiO2 composite samples. 

 

5.3.2 Photocatalytic activity 

Fig. 5.13a show photocatalytic activity of TiO2 and C@TiO2 samples under UV light 

illumination. Linear rise in H2 yield with increase in illumination time was observed. 

Following trend in activity was observed: C@TiO2EG20 (44.6 mol/h) > C@TiO2EG25 (26 

Sample 
C    (atom 

%) 
O (atom %) Ti (atom %) [O]/[Ti] [C]/[Ti] [C]/[O] 

TiO2 - 82.79 17.20 4.8 - - 

C@TiO2EG14 38.773 50.06 11.16 4.48 3.47 0.78 

C@TiO2EG20 46.756 44.17 9.08 4.86 5.15 1.06 

C@TiO2EG25 40.129 48.41 11.46 4.22 3.50 0.83 

C@TiO2EG100 62.629 34.24 3.13 10.92 19.99 1.82 
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mol/h) > C@TiO2EG50 (15 mol/h) > TiO2 (11.2 mol/h)  ~  C@TiO2EG14 (11 mol/h) > 

C@TiO2EG10 (10 mol/h) > C@TiO2EG75 (5.6 mol/h) > C@TiO2EG100 (3.9 mol/h). 

Maximum activity H2 evolution activity was observed over C@TiO2EG20 sample with 

carbon content of 3.8 % w/w @ 44.6 mol/h and AQE 1.6 %, ~ 4 times higher than pristine 

TiO2. To further enhance the activity, 1 % w/w Pt was photodeposited over the 

C@TiO2EG20 sample and the rate of H2 generation was found to be 6405.4 mol/h/g.  

To check the performance of photocatalyst for actual application, rate of H2 

generation was evaluated under sunlight illumination (Fig. 5.13b). Following trend in activity 

was observed: C@TiO2EG20 (9.7 mol/h) > C@TiO2EG25 (7.5 mol/h) > C@TiO2EG14 

(6.8 mol/h) > TiO2 (4.1 mol/h) > C@TiO2EG50 (3.3 mol/h) > C@TiO2EG10 (2.8 

mol/h) > C@TiO2EG75 (0.4 mol/h) ~ C@TiO2EG100 (0.4 mol/h). Maximum activity 

was observed over C@TiO2EG20 with rate of H2 evolution of 9.7 mol/h with AQE of 0.86 

% (Fig. 5.13b). After loading of Pt the H2 yield increases by 14 times and maximum activity 

was observed over Pt/C@TiO2EG20 (136 mol/h) which is 33 times more than that 

compared to pristine TiO2 sample. AQE was found to be 11.44 %. 

 

Fig. 5.13 H2 yield generated over TiO2 and C@TiO2 samples under a. UV-visible and b. 
sunlight illumination. 
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Similar trend in activity was observed under both UV-Visible and sunlight 

illumination. Initially activity increases with increase in carbon content then reaches to an 

optimum value. On further addition of carbon H2 yield found to decrease. Carbon plays an 

important role in determining the activity of the sample. Activity at high carbon content is 

low although high carbon content imparts high visible light absorption. This implies that the 

excess of carbon acts as optical filter restricting the light reaching to the photocatalytically 

active TiO2. Hence low activity at higher carbon content was observed. This infers that it is 

important to optimize amount of carbon to get maximum H2 generation. 

The stability of the most active Pt/C@TiO2EG20 sample was evaluated under 

sunlight for consecutive 8 days with irradiation time of 4 h per day (total 32 h of irradiation). 

After every 8 h of illumination sample solution was evacuated. Almost constant H2 evolution 

was observed for 32 h under sunlight (Fig. 5.14).  

 

Fig. 5.14 Sustained H2 generation over Pt C@TiO2EG20 sample observed under sunlight for 
32 h.  

5.4 Conclusion 

C coated TiO2 composites were synthesized with varying amount of carbon 0.14 to 

14.7 % w/w. Decrease in crystallite size was observed from 22.9 to 5.8 nm with increase in 
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carbon content. This shows that presence of carbon restricts growth of TiO2 particles which is 

also confirmed by Raman spectroscopy. Presence of G and D band reveals the presence of sp2 

hybridized carbon atoms in graphite like arrangement and disorder sp2 carbon atom in the 

structure respectively. Shift in D and G band was observed in C@TiO2 composite which 

reveals structural imperfection or presence of nanocrystalline graphite. XAS reveals that the 

Ti exists in +4 oxidation state in bulk. Also local environment in Ti in TiO6 octahedra is 

affected by carbon incorporation. Second co-ordination (Ti-Ti) is not affected due to carbon 

incorporation. XPS shows that with increase in carbon content surface hydroxylation 

increases also it shows presence of sp2 hybridized carbon, C-OH and C=O group on the 

surface. Chemical composition on surface was derived using XPS reveals that surface has 

become richer in carbon as suggested by [C]/[Ti] and [C]/[O] ratio. Also systematic peak 

shift towards higher binding energy of Ti 2p shows growing interaction between Ti-C on 

surface with increase in carbon content. Surface area and pore volume increased, particle size 

decreased with increase in carbon content. Light absorption in visible region enhances with 

increasing the carbon content but at the same time increase in activity was not observed. 

Optimum amount of carbon is required to enhance the activity as excess of carbon might acts 

as optical filter. Highest H2 generation @ 136 mol/h/0.1g with AQE of 11.44 % was 

observed over Pt/C@TiO2EG20 photocatalyst under sunlight. Enhanced surface area, 

favourable morphology, light absorption properties, interaction of C with Ti contributed 

positively to enhance the photocatalytic H2 generation over C@TiO2EG20 in sunlight having 

carbon content of 3.8 % w/w.  
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6 Chapter-6                                                                   

Performance of Most Active Photocatalyst, Cu0.02Ti0.98O2-  in 

Upscaled Photoreactors under Sunlight  

6.1 Introduction 

As explained in Chapter 1, photocatalytic water splitting has emerged as potential 

technique for production of H2 from abundantly available water and renewable solar energy 

in presence of a photocatalyst [159,287 289]. Primarily, photocatalyst facilitates the 

absorption of solar energy and convert it into chemical energy. Photocatalytic water splitting 

can be achieved by suspending the powdered photocatalyst in water under sunlight 

illumination. The simplicity of this process has attracted researchers worldwide for large 

scale production of H2. The process has potential to provide a viable solution for the 

emerging energy crises and environmental concern. Main components of photocatalytic water 

splitting are photocatalyst in powder form, quartz/pyrex photoreactor, light source and 

sacrificial reagent in case of non-direct water splitting. Extensive research [97,110] took 

place throughout the globe with a common objective of designing visible light active, stable 

and efficient photocatalyst. However, the actual solution and desired efficiencies have not 

been achieved. The major issues associated with the process are faster recombination of 

photogenerated charge carrier e-/h+ and inability to use visible light which constitute the 

major portion of sunlight [37]. To overcome these problems development of photocatalyst 

with proper electronic, structural and optical properties are required. For electron economy, a 

sacrificial reagent is employed which can scavenge the holes produced and can prevent loss 

of electrons in the recombination reactions which are otherwise used to reduce the water to 

H2 [290]. Use of methanol as sacrificial reagent is undesirable, as itself it is a fuel and 
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sacrificing a fuel to produce another fuel is meaningless. Thus, for commercialization, cheap 

sacrificial reagent such as glycerol which is a byproduct of biodiesel or any other organic 

compound with insignificant economic value can be used.  

Results with respect to H2 yield if compared are found to be different from different 

labs, as experimental condition varies from laboratory to laboratory. This implies that 

photocatalytic activity depends on experimental conditions such as light source, reaction cell 

or photoreactor, amount of catalyst loaded, amount and type of sacrificial reagent, 

configuration of lamp and photoreactor etc. Therefore, it is mandatory to study the effect of 

these parameters and optimize them in order to get maximum efficiency in H2 production. 

Several studies were found in literature on the optimization of these parameters. Mangrulkar 

et al [285] has also studied the effect of the operational parameters and optimized them for 

better yield. Sreethawong et al [129] has also emphasized the importance of optimization of 

operational parameters for high H2 production. Villa et al. [291] also studied the effect of 

several experimental parameters, such as pH, concentration of sacrificial reagent and catalyst 

loading for photocatalytic H2 generation reaction over (Zn0.78Cd0.22)S photocatalyst using 

formic acid as sacrificial reagent.  

TiO2 is an inert, chemically stable, robust conventionally known photocatalyst 

[36,37,243,292,293]. Although TiO2 has gain much popularity as photocatalyst still its 

activity is low due to increased e-/h+ pair recombination and limited absorbance of visible 

light. Hence in the previous chapters attempt was made to improve the light absorption 

properties as well as electronic properties of TiO2 by doping with Cu, forming pn junction 

composite with CuO and NiO and forming carbon-TiO2 hetreojunction. Among all the 

photocatalyst Cu0.02Ti0.98O2-  (referred as CuTi(2)) has shown enhancement in activity in 

sunlight and UV-Visible light with H2 yield of 36 and 333.3 mol/h/100mg with AQE of 3.6 
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and 20.8 %, respectively in absence of cocatalyst. Hence this low cost catalyst was chosen to 

study the enhancement of H2 generation by modifying external parameters.  

Along with the improvement of TiO2 activity by structural modification using Cu2+ as 

substituent at Ti4+ site (which is already discussed in Chapter 3), studies were taken up to 

optimize the experimental parameters for effective utilization of photons falling on the 

system. Factors, such as photocatalyst loadings, ratio of water and sacrificial reagent, 

geometry of photoreactor with respect to light source in determining the overall 

photocatalytic hydrogen yield were evaluated. Also, efforts to substitute methanol by glycerol 

as sacrificial reagent were undertaken to make this process economical and ratio of water and 

glycerol optimized for efficient H2 production. However, for practical application the H2 

yield over the photocatalyst must be monitored in sunlight. Sunlight is not constant 

throughout the day. This factor should be taken into account while commercializing the 

process. Hence effect of variable solar flux during the day on yield of H2 generation was also 

studied. Therefore, it is necessary to monitor all the above mentioned factors before 

proceeding towards scaling-up the process. With this objective, in this chapter, detailed 

investigations on importance of various experimental parameters and also attempt to quantify 

their contribution towards photocatalytic H2 yield using CuTi(2) as photocatalyst were 

discussed. For practical applications of Cu doped TiO2 in scaled-up photocatalytic process, it 

is important to validate reproducibility in the properties (bulk and surface) of the sample, 

prepared in different batches following the same synthetic procedure. For this purpose, total 

of ~10 g of photocatalyst was prepared in two batches (BI and BII) of equal size (~5 g) under 

identical conditions. Sample from both the batches was thoroughly characterized by relevant 

techniques to establish the reproducibility of the synthesis procedure. Factors as mentioned 

above, responsible for determining the photocatalytic hydrogen yield were investigated using 

CuTi(2) photocatalyst. Experiments were carried out in systematic manner to delineate the 
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role of individual parameters under identical conditions. The results obtained from this study 

will provide valuable inputs for applying CuTi(2) photocatalyst for large scale solar hydrogen 

generation.  

6.2 Experimental 

6.2.1 Synthesis of CuTi(2) powder 

Cu2+ (2 mole %) was substituted at Ti4+ site in TiO2 lattice by adopting sol-gel 

method. Nanosized Cu0.02Ti0.98O2  was prepared by mixing cupric acetate trihydrate and 

titanium isopropoxide in appropriate amount as explained in chapter 3. A total of ~10 g of 

sample was prepared in two batches of ~5 g each. Samples in two batches were named as 

CuTi(2)-BI and CuTi(2)-BII throughout the manuscript. Schematic of synthesis procedure is 

shown in Fig. 3.1. 

6.2.2 CuTi(2)/ITO/PET Films 

The required amount of CuTi(2) powder, titanium isopropoxide and ethanol taken in a 

molar ratio of 1:0.035:19.5 were homogenized by sonication for 30 min in an ice cold water 

bath. The homogeneous paste formed after sonication was coated on an indium tin oxide 

coated on polyethylene terephthalate (ITO-PET) films of geometrical area 21 cm2 (0.7 cm x 

-1 by doctor-blade technique. The area of film 

exposed in sunlight is same as its geometrical area referred as illumination area. To remove 

the hydrocarbons, prepared films were irradiated under UV light ( = 254 nm) in a closed 

chamber in an ozone atmosphere. Ozone was formed by irradiation of dry oxygen for 2h. 

Total thickness of films inclusive of the ITO/PET supports was ~12 microns. 
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6.2.3 Characterization techniques 

The samples prepared in two different batches are thoroughly characterized by 

relevant techniques. XRD patterns were recorded on a Philips diffractometer (model PW 

1710), equipped with a graphite monochromator and Ni-filtered Cu-K  radiation. The 

crystallite size was calculated from the XRD line width using the Scherrer equation. XAFS 

measurements were carried out at Cu K-edge in fluorescence mode at the Scanning EXAFS 

Beamline (BL-9) at the INDUS-2 Synchrotron Source (2.5 GeV, 100 mA) at the Raja 

Ramanna Centre for Advanced Technology (RRCAT), Indore, India [144 146]. XAS 

includes both Extended X-Ray Absorption Fine Structure (EXAFS) and X-ray Absorption 

Near Edge Structure (XANES). The beamline uses a double crystal monochromator (DCM) 

in the photon energy range of 4-25 KeV with a resolution of 104 at 10 KeV. N2- BET surface 

area was measured with a Quantachrome Autosorb-1 analyser using nitrogen as the adsorbing 

gas. The elemental analysis of Cu and Ti present in the oxide samples was evaluated using 

ICP-OES (JobinVyon JY 2000, France). XPS experiments were recorded on an electron 

spectrometer (SPECS, Surface Nano Analysis GmbH, Germany) using Mg- K  X-rays 

(h =1253.6 eV) as the primary source of radiation with an overall energy resolution of the 

instrument of about 0.7 eV. The appropriate corrections for charging effects were made with 

the help of a C 1s signal appearing at 284.5 eV. Diffuse reflectance UV-visible spectra was 

recorded using a spectrophotometer of JASCO model V-530, Japan, scanned in the range of 

200-1000 nm at the scanning speed of 200 nmmin-1. The microstructure was studied using a 

Zeiss Gemini Plus field emission scanning electron microscope (FESEM) operated at 5 kV. 

High resolution TEM images were recorded on FEI-Tecnai G-20 microscope with LaB6 

filament operating at 200kV equipped with Gatan CCD camera. Edinburgh Instruments FLSP 

920 system equipped with a 450 W Xe lamp having a Peltier element cooled red sensitive 
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Hamamatsu R955 PMT was used to record PL with a resolution of 3 nm at room temperature. 

All emission spectra were corrected for the detector response. 

6.2.4 Photocatalytic activity  

Photocatalytic activity was evaluated over CuTi(2) photocatalyst to optimize different 

experimental parameters as mentioned in text under different illuminations: sunlight and UV-

visible light sources. Photocatalytic activity was performed in a rectangular quartz reactor of 

dimensions (10 x 2.1 x 2.1 cm3, 81 ml, Chapter 2), equipped with a gas sampling port for 

analysis and an evacuation valve. In a typical analysis, a required amount of catalyst was 

suspended in aqueous sacrificial reagent solution, evacuated before irradiation to provide air 

free conditions as oxygen acts as an electron scavenger and, on photo-adsorption, blocks the 

active sites for the reaction [223]. Photocatalysts suspended in water-methanol mixtures were 

then irradiated under UV-visible light source. The reaction assembly used under UV-visible 

irradiation is shown in Chapter 2. The emission spectrum of UV-visible, medium-pressure Hg 

lamp is given in (Chapter 2). The evolved H2 was quantified using a gas chromatograph 

(model Michro-1100, Netel, India) equipped with a thermal conductivity detector (TCD), a 

molecular sieve column with argon as the carrier gas was employed in the isothermal 

temperature mode at 50 °C oven temperature.  

For solar applications, experiments were conducted under direct sunlight during the 

afternoon (10.00-16.00 IST) on the terrace of our institute in a photoreactor (the details of 

photoreactor is given in brief in Chapter 2). The emission spectrum of sunlight and image of 

upscaled photoreactor with dimensions is shown in Chapter 1 and Chapter 2 respectively. 

Instead of evacuating, reaction mixture in big reactors was purged with argon gas to remove 

air before irradiation under sunlight. Evolution of H2 bubbles were observed during sunlight 

irradiation on Cu-TiO2 photocatalysts. Solar flux was measured daily in the peak hours and 

the average recorded during 11.00-15.00 IST were used for optimization studies and for 
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calculations of AQE. The flux of both sunlight and medium pressure mercury lamp was 

measured using a silicon photodiode based light meter LX 1108, Lutron Electronic.  

A standard deviation (SD) and relative standard deviation (RSD) [150] in hydrogen 

yield obtained by varying a particular factor keeping other parameters constant was 

calculated for each factor. The SD and RSD were calculated by using following formula: 

(i) Mean (  

Mean is calculated using the following formula: 

                                    ...... 6.2 

Where X1, X2, X3, ....., Xn are the individual results (hydrogen yield obtained in 

individual results) and n is the number of results. 

(ii) Standard Deviation (SD) 

Standard deviation (SD) is calculated using the following formula: 

                                                                      .....6.3 

Where X1, X2, X3,....., Xn are the individual results,  is the mean and n is the number 

of results. 

(iii) Relative standard deviation (RSD) 

Relative standard deviation (RSD) is calculated using the following formula: 

                                               ......6.4 

Where  is the mean, SD is standard deviation. 

6.3 Results and discussion 

6.3.1 Characterization  

The present study is undertaken to establish the significance of different experimental 

parameters and to quantify their effect on H2 yield. For this purpose, relatively large amount 
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of Cu0.02Ti0.98O2- , CuTi(2) sample was synthesized by sol-gel route in two batches of 5 g 

each. To establish that CuTi(2) sample produced in both the batches, was either chemically 

identical or similar, the sample from both the batches (abbreviated as CuTi(2)-BI and 

CuTi(2)-BII) was characterized for surface and bulk properties using different techniques. 

Fig. 6.1a shows XRD pattern of CuTi(2) sample synthesized in two different batches and 

both shows presence of single phase indexed as anatase TiO2 phase in agreement with JCPDS 

card no: 21-1272. It crystallizes in the tetragonal space group with a = 3.785(1) Å, c = 

9.501(1) Å, cell volume = 136.13(1) Å3 and Z = 4. Morphology and bulk characteristics of 

both the samples derived from different techniques are listed in Table 6.1. Surface area of 

CuTi(2) powder, synthesized under similar conditions was determined and found to be 73 and 

60 m2g-1 for BI and BII respectively. Surface area recorded was within experimental error 

(RSD = 13.8 %) for both the batches. CuTi(2) from both batches were nearly of similar 

crystallite size (XRD) and particle size (6-13 nm) derived from FESEM and TEM as listed in 

Table 6.1. The local structure was probed using EXAFS Fig. 6.1b and it was revealed that the 

local environment around Ti and Cu cations was quite identical and Cu existed in +2 

oxidation state in bulk CuTi(2) oxide prepared in both the batches as confirmed by 

characteristic peak observed in XANES pattern [inset of Fig. 6.1b,Table 6.1]. The Cu2+-O 

bond length was found to be ~1.88 Å and 1.87 Å, coordination number of 5.2(3) and 5.2(5) 

and distortion ( in lattice were obtained to be 0.006 and 0.008 in CuTi(2)BI and BII 

respectively, as mentioned in Table 6.1. The surface composition, oxidation states of different 

species on surface was analyzed using XPS and tabulated in Table 6.1. Fig. 6.1c shows high 

resolution spectra of Cu 2p, Ti 2p and O 1s. Cu shows presence of both +1 and +2 species in 

BI and BII with ~ 0.8-0.85 of Cu, 18.5-25.3 of Ti and 73.8-80.6 atom % of O species on 

surface. The composition with respect to Cu and Ti content present in bulk and surface did 

not differ much. DRS spectra (Fig. 6.1d) recorded in the region of 200-800 nm shows 



189 
 

identical optical characteristics of both samples with band gap at 2.92 eV. Photoluminescence 

properties of CuTi(2)-BI and BII were compared, along with TiO2 as shown in Fig. 6.1e. 

TiO2 shows a broad peak in the range of 350-540 nm with the maximum peak around 398 nm 

corresponding to band edge emission, along with other minor peaks due to emission from 

defects. However, Cu substitution in TiO2 has shifted the band edge emission to lower 

wavelength of 372 nm. PL spectra recorded for CuTi(2) prepared in two batches was similar.  

 

 

Fig. 6.1 a. XRD pattern of CuTi(2) synthesized in two different batches BI and BII, b. 
E r) versus r spectrum at Cu K edge of the CuTi(2)-BI and CuTi(2)-BII samples 
along with the best theoretical fits. Round circles are the experimental data fitted with TiO2 
model as shown by solid continuous line. Inset shows XANES spectra of CuTi(2)-BI and 
CuTi(2)-BII samples obtained from both the batches recorded for Cu K-edge, c. XPS spectra 
recorded of Cu 2p, Ti 2p and O 1s for CuTi(2)-BI and BII samples, d. diffuse UV-visible 
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reflectance spectra (DRS) of CuTi(2) of BI and BII samples with pristine TiO2, e. 
photoluminescence spectra of CuTi(2)-BI and BII along with TiO2 recorded by exciting the 
sample at 285 nm and excitation spectra is given as inset. * artefact at 467 nm. 

Surface morphology of sample was evaluated by FESEM and HR-TEM. Fig. 6.2 

shows the FESEM images of two batches. FESEM shows uniform shape and nanosized 

particles of copper doped titanium dioxide in both batches. X-rays characteristic to Cu and Ti 

were observed in EDX and were quantified to reveal the bulk chemical composition. The 

bulk composition was further confirmed by ICP-OES and was found to be (Cu = 2 and Ti = 

98 mol %) in both batches in agreement with the calculated results (Cu = 2.71 and Ti = 97.28, 

mol %, Table 6.1).  

 

 

a. b.

c.
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Fig. 6.2 FESEM images of CuTi(2) prepared from batch (a) BI (b) BII (c) Back scattered 
image of CuTi(2)BII, along with EDX of (d) CuTi(2)-BI and (e) CuTi(2)-BII. 

HR-TEM images of CuTi(2)-BI are shown in Fig. 6.3. Fringe width of 0.35 nm shows 

presence of anatase TiO2 particles in both the samples.  

 

Fig. 6.3 Low and high resolution TEM images of (a) CuTi(2)-BI and (b) CuTi(2)-BII. 
Particle sizes are marked with yellow circles. Fringe width of 0.35 nm corresponds to anatase 
(d101) TiO2 phase. 
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From above, it was inferred that the bulk and surface properties of CuTi(2) 

nanopowders synthesized in different batches were found to be similar (within experimental 

error), infact some are identical (Table 6.1, RSD are nil for some parameters). 

Table 6.1 Consistency of morphological and bulk properties of Cu0.02Ti0.98O2- CuTi(2)-BI 
and BII nanopowders obtained from two different batches synthesized by sol-gel route.  

S. 
No 

Characterization 
Batch-1 

(BI) 
Batch-2 

(BII) 
Expected 

values 
Relative Standard 

Deviation, (RSD, %) 

1. 
Crystallite size 
calculated using 

Scherrer equation (nm) 
12-13 12-13 - NA 

2. 
N2-BET surface area 

(m2g-1) 
73 60 - +/- 13.8 

3. 
Particle size from TEM 

(nm) 
6-13 6-13 - NA 

4. 
Chemical composition 

from EDX (mol %) 
Ti: 97.82, 
Cu: 2.18 

Ti: 97.75, 
Cu: 2.25, 

Expected 
chemical 

composition 
Ti: 98.0, Cu: 

2.0 

Ti: 0.05% 
 

Cu: 2.23% 

5. 
Chemical composition 
from ICP-OES (mol 

%) 

Ti: 97.28, 
Cu: 2.71 

Ti: 97.28, 
Cu: 2.71 

Expected 
chemical 

composition 
Ti: 98.0, Cu: 

2.0 

Nil 

6. 
Bond length  Cu2+-O 

(Å) 
1.88(3) 1.87(2) 1.94 0.38 

7. 
Coordination Number 

from EXAFS 
5.0(5) 5.2(5) 6 Nil 

8. 
Lattice distortion from 

EXAFS 
0.005(2) 0.008(1)  20.2 

9. 
Bulk oxidation state 

from XANES 
Cu2+ Cu2+ - Nil 

10. 
Surface chemical 

composition from XPS 
(atom %) 

Cu: 0.85 
Ti: 25.3 
O: 73.8 

Cu: 0.79 
Ti: 18.5 
O: 80.6 

 
Cu - 5.05, 
Ti - 21.96, 
O - 6.29 

11. 
Oxidation states of 
different species on 
surface from XPS 

Cu: +1, +2 
Ti: +4 
O: -2 

Cu: +1, +2 
Ti: +4 
O: -2 

- Nil 

12. 
Band gap calculated by 

Kubelka Munk 
Function (eV) 

2.92 2.92  Nil 

 

From Table 6.1 it can be inferred that for actual application, the deployment of 

photocatalyst prepared in different batches will not hamper the smooth running of the 

process. Or in other words, sol-gel route is simple and yields powders with reproducible 
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chemically identical oxides. For practical applications, synthetic procedure is a matter of 

concern - should be such which does not involve intricate steps highly sensitive or dependent 

on pH, temperature etc.- for yielding powders with identical bulk properties and surface 

morphology. Further optimization studies were carried out on this photocatalyst for the actual 

application in solar energy. 

6.3.2 Photocatalytic activity 

6.3.2.1 Optimization of experimental parameters for evaluation of photocatalytic 

activity under UV-visible light illumination 

6.3.2.1.1 Optimization of amount of photocatalyst 

Optimization of photocatalyst loadings is an important factor for H2 generation. The 

amount of photocatalyst was varied from 50- 150 mg per 15 ml (3.3 to 10 mg/ml) of aqueous 

methanol solution by keeping other experimental conditions and illumination area constant. 

Reaction was carried out in 81 ml of reactor with illumination area of 20 cm2. This 

experiment was performed under static condition. Fig. 6.4a shows effect of varying catalyst 

amount on H2 yield. No reaction was observed with or without catalyst loading in presence of 

dark. This shows that reaction is solely photocatalytic in nature. A blank reaction of water 

and methanol mixture (without photocatalyst) was irradiated under UV-Visible lamp. No 

evolution of H2 was observed. This implies that H2 generated only in presence of 

photocatalyst and light. Fig. 6.4a depicted that with increase in catalyst amount H2 yield 

increases and reaches an optimum value of 100 mg/ 15 ml. But the rise in H2 yield is not 

proportional with catalyst loading amount. Initial rise in H2 yield till maximum, can be 

attributed to increase in active sites with increase in catalyst loading amount. Maximum H2 

yield of 384.9 mol/h was observed with 100 mg of photocatalyst. With further addition of 

photocatalyst, a decrease in H2 evolution was observed. 150 mg catalyst loading has even 
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shown lesser activity than that observed with 50 mg of catalyst. This shows that with increase 

in catalyst amount a portion of the catalyst is hidden beneath the upper layer of catalyst and 

consequently reduces the optical path length or effective intensity of photons per unit length 

decreases. This infers that proper dispersion of photocatalyst and illumination area of reactor 

is playing an important role. The following trend was observed 

15 ml of solution in 81 ml capacity reactor. 

 

Fig. 6.4 a. Variation of hydrogen yield with change in a. photocatalyst loadings, 
(Experimental conditions: Reaction mixture containing constant water to methanol ratio (33% 
v/v, 15 ml) with suspended photocatalyst in different amounts evacuated and irradiated under 
UV-visible light in a photoreactor of 81 ml capacity providing an illumination area of 20 
cm2), b. concentration of sacrificial reagent, methanol in water (v/v) evolved over CuTi(2) 
under UV-visible light. (Experimental conditions: 0.1 g of CuTi(2) photocatalyst suspended 
in reaction mixture containing varying concentration of water to methanol (total volume = 15 
ml), evacuated and irradiated under UV-visible light in a photoreactor of 81 ml capacity 
providing an illumination area of 20 cm2).  

6.3.2.1.2 Ratio of water and sacrificial reagent as methanol 

One of the factor which plays crucial role for uphill reaction of water splitting is fast 

rate of electron-hole pair recombination affecting adversely to photocatalytic efficiency of 

reaction. Hence, addition of a reducing agent which will get oxidized by holes, avert to 

recombination with electrons, helps to assist reduction of water for H2 generation. The 

50 75 100 150

0

100

200

300

400

 

 

Amount of photocatalyst (mg)
0:1 1:14 1:5 1:2 1:1 1:0

0

100

200

300

400

 

 Methanol: Water (v:v)

a. b.



195 
 

reducing agent, here methanol, sacrifices itself for maintaining the inflow of photogenerated 

electrons or electron economy and therefore is referred as sacrificial reagent. To optimize the 

amount of methanol in the reaction mixture, H2 yield was monitored over following v/v ratio 

of methanol: water, 0:1, 1:14, 1:5, 1:2, 1:1 and 1:0 v/v. Fig. 6.4b shows effect of varying ratio 

of water and sacrificial reagent on H2 production under UV-visible irradiation. This mixture 

was irradiated under UV-visible lamp as mentioned in experimental section. Initially, 

increase in activity was observed with increase in methanol content and reaches an optimum 

value 1:2 v/v. Further addition of methanol content more than optimum value resulted into a 

lower H2 yield. At high concentration probably, methanol may be blocking the surface active 

sites resulting into lower adsorption of water molecules on the surface thus deteriorating the 

photocatalytic activity. 

6.3.2.1.3 Configuration of lamp and reactor assembly 

H2 yield was monitored with different configuration and geometry of reactors and 

light sources. Two configurations of reactor with respect to light source were chosen. In first 

assembly, the reactor and light source are configured in horizontal positions, whereas in 

second both were placed vertically. Side views of both assemblies are depicted in Fig. 6.5. In 

vertical geometry it is expected that due to gravitational forces, the catalyst will settle down 

at the bottom and poor dispersion will affect the yield. To prevent the interference from 

catalyst dispersion in measurements, photocatalytic hydrogen yield was monitored under 

stirring conditions and was compared without stirring conditions using both the geometries. 

H2 yield of 302.9 mol/h and 298.25 mol/h was obtained with horizontal arrangement and 

vertical arrangement without stirring respectively. H2 yield of 342.79 mol/h (AQE of 12.36 

%) and 368.73 mol/h (AQE of 10.02 %) was obtained with horizontal and vertical 

arrangement with stirring respectively. Flux observed for UV lamps used in two different 
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geometries were different and that explains reverse trend of AQE with respect to the 

hydrogen yield. 13 % and 23 % rise in H2 yield was observed in horizontal and vertical 

geometry, respectively during stirring. This indicates that stirring has pronounced effect when 

reaction carried out in vertical geometry as it barely allow the catalyst to settle down and 

keep it in suspended form in a solution. Stirring is necessary in vertical geometry, whereas in 

horizontal geometry particles are well dispersed in solution and covers larger illumination 

area. The effective illumination area to which reaction mixture exposed was 7 cm2 in case of 

vertical arrangement whereas in horizontal geometry it was 20 cm2. This suggests horizontal 

geometry disperses photocatalyst in larger area and therefore results in covering larger 

illumination area as compared to that in vertical arrangement. Rather et al. [294] also reported 

five times enhancement in rate of photocatalytic H2 evolution when illumination area was 

doubled in case of horizontal geometry. 
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                                                                        b 

Fig. 6.5 Role of different configurations in determining photocatalytic hydrogen yield. 
Pictorial representation of side view of a) Vertical geometry: Photoreactor and light source 
both are standing vertical and b) horizontal geometry: Photoreactor and light source are in 
horizontal position. Role of stirring for proper dispersion of photocatalyst in both geometries 
on hydrogen yield is also shown. (Experimental conditions: 0.1 g of photocatalyst was 
suspended in aqueous methanol solution (33 %, 15 ml), evacuated and irradiated under UV-
visible light in respective geometries. The flux of radiation was recorded using silicon 
photodiode luxmeter in individual geometry to calculate the AQE achieved in both 
configurations). 

6.3.2.2 Optimization of experimental parameters under sunlight illumination 

In order to visualize the process for commercial production of photocatalytic H2 from 

water, experiments were performed by illuminating the samples with actual sunlight on the 

terrace of our institute. For that purpose, first it was investigated that how hydrogen yield is 

affected with turbulence in solar flux on hourly basis during a year or a day. Also, affect of 

parameters such as loading of photocatalyst and use of cheaper sacrificial reagent like 

glycerol (instead of methanol) on H2 production from sunlight were studied and are discussed 

below. 

6.3.2.2.1 Effect of solar flux variations on H2 yield  

Solar energy reaching on earth surface is intermittent and variable in nature. It 

changes with time and season. The photon per square meter or intensity of radiation 

fluctuates throughout a year. Also photocatalytic H2 yield strongly depends on incident 
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intensity of light source. Therefore it is mandatory to study the effect of variation of H2 

production with the variation of solar flux. The flux of sunlight varies during the day and also 

throughout year. To study the effect of variation of flux on photocatalytic activity, H2 yield 

over CuTi(2) photocatalyst was monitored at different months and days.  

Mumbai observes very high flux during May as compared to October month. The 

average flux values during these months were recorded and mentioned in Table 6.2.  

Table 6.2 Flux of sunlight at different hours during months of May and October in Mumbai. 

Time (IST) 
October May 

W/m2 $, * W/m2 

10.30 108 260 

12.15 121 322 

14.20 95 235 

16.10 57 249 
$ Flux was measured using light flux meter based on silicon photodiode which has a photoresponse in UV-visible 

light (190-1100 nm). *1Wm-2 = lux/683 at 550 nm  
 

A fresh sample of the most active CuTi(2) photocatalyst was tested during different 

months to monitor the changes in hydrogen yield with variation in sunlight flux. For this, 100 

mg of CuTi(2) photocatalyst was dispersed in aqueous methanol solution (33 % v/v) in 81 ml 

reactor with illumination area of 20 cm2 and allowed to be illuminated under sunlight during 

10:30 to 16:30 IST. Sunlight flux values increased almost three fold from October to May 

and as expected H2 yield also increased from 36 mol/h (AQE = 3.6 %) to 110 mol/h (AQE 

= 3.13 %), respectively. Although the flux value increases three times but AQE nearly 

remains the same.  

For monitoring hydrogen yield with hourly fluctuations of solar flux experiment, two 

extreme days were selected such that one is a bright sunny day and other is a cloudy day. 

Both the days, 100 mg of CuTi(2) photocatalyst was dispersed in aqueous methanol solution 

(33 % v/v) in 81ml reactor with illumination area of 20 cm2 and allowed to be illuminated 
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under sunlight. Irradiation was carried out on first day at 10:40 till 17:40 IST and H2 yield 

and flux were recorded after every one hour. On second day experiment was performed in a 

similar way except the irradiation time changed from 10:45 to 16:30 IST. Fig. 6.6 shows rate 

of H2 generation as a function of hourly flux during the daytime.  

 

Fig. 6.6 Rate of hydrogen generation was monitored as a function of hourly fluctuations in 
solar flux during day time during 10:40 to 17:40 IST. Day-1 is bright sunny day and day-2 is 
a relatively cloudy day. (Experimental conditions: 0.1 g of CuTi(2) photocatalyst was 
suspended in aqueous methanol solution (33 %, 15 ml), evacuated and irradiated under direct 
sunlight. Rate of hydrogen evolved per hour was plotted as a function of solar flux. The solar 
flux was recorded using silicon photodiode luxmeter). 

From the data obtained it was inferred that photocatalytic rate of H2 generation/hour 

was highest and nearly constant during 11:00 to 15:00 IST in the afternoon. After 15:00 h, a 

noteworthy decline in H2 generation rate was observed with decrease in sunlight flux. Same 

experiment was repeated on another day which was relatively cloudy and relative standard 

deviation (RSD) in H2 yield was calculated to be +/- 3.82% and +/- 4.53% in time zone of 

10.30 to 16.30 IST on bright and cloudy day respectively. Deviation of H2 yield was more on 

cloudy days and beyond 16:30 h. These studies have provided a daily window of 11:00 to 

15:00 h throughout the year, to be utilized for a commercial scaled up process. During this 

window, hydrogen generation with constant yield and maximum efficiency can be achieved 
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and will allow avoiding less efficient/productive hours of a day and consequently will be 

helpful in slashing the running cost and shaping the economics of process. 

6.3.2.2.2 Effect of catalyst loading on H2 yield by keeping illumination area constant 

AQE is directly proportional to H2 yield and inversely with illumination area. This 

implies AQE will increase only if H2 yield increases at a constant illumination area. 

Therefore, in another set of experiments, illumination area was kept constant by fixing the 

reactor volume and solution volume (water + methanol) to 990 and 250 ml respectively, and 

varying concentrations of catalyst (g/l) were tested.  

 

Fig. 6.7 Dependence of AQE of CuTi(2) photocatalyst on various factors such as 1. 
Concentration of CuTi(2) photocatalyst (0.1- 4 g/L) was optimized for a given reaction 
volume and illumination area (141 cm2). 2. Effect of different forms, powder or films on 
photoactivity was investigated by comparing H2 yield over 25 mg of CuTi(2) powder with 
same amount of photocatalyst dispersed over ITO/PET films (illumination area over films = 
0.7cm  x 30 cm x 4 Nos = 84 cm2). 3. Effect of glycerol as sacrificial reagent on H2 yield. 
Experiments were performed in a large sized reactor (~1 L) over CuTi(2) photocatalyst 
suspended in 250 ml of water + methanol (33 %) purged with argon gas and irradiated under 
direct sunlight. Experiment with Water + glycerol (15 %) was also performed. Blank 
ITO/PET films did not show any photocatalytic H2 evolution. 
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125 mg > 50 mg Fig. 

6.7) were achieved. Although, 1 g loading of catalyst has shown maximum H2 yield of 735 

mol/h with AQE of 7.5 %, it is important to understand that the rise in H2 yield is non -

linear with catalyst loading as shown in Fig. 6.7. In case of catalyst concentration upto 250 

mg (1 g/L), the increase is considerable, whereas above that the rise in H2 yield is very 

sluggish. Probably, the upper layer of photocatalyst shadows the lower layer and also blocks 

the penetration of light; hence under limited light illumination the contribution of lower layer 

towards H2 yield was restricted. Shreethawong et al. [129] have also optimized the 

experimental conditions with respect to amount of photocatalyst and rationalized their results 

in terms of the availability of active sites on the TiO2 surface and the penetration of 

photoactivating light into the suspension. The availability of active sites increases with the 

increase in photocatalyst concentration in the suspension, but the light penetration and the 

consequent photoactivated volume of the suspension shrink [295]. Thus, H2 yield obtained 

over 50 mg of catalyst cannot be extrapolated to per g of catalyst.  

From the above experiments, the maximum amount of H2 was generated over 1g of 

CuTi(2) at the rate of 16 ml/h or 735 mol/h with 7.5 % of AQE and 3.9 % of SFE achieved 

in sunlight. Our results can be further extrapolated to suggest that H2 at 1 L/h can be achieved 

photocatalytically, if the CuTi(2) photocatalyst is exposed to illumination area of 0.9 m2 

under above conditions. 1/20th of catalyst loadings i.e., 40-50 mg of CuTi(2) photocatalyst 

have also resulted in more than half of maximum H2 yield, ca of 477 mol/h/141cm2 (or 

0.758 L/h/m2) with 4.1 % of AQE and 2.1 % of SFE (Fig. 6.7). Lower loadings of 

photocatalyst are favourable as more and more water molecules can access the photocatalyst 

particles effectively under light illumination. Unlike high catalyst concentration where 

penetration of photoactivating light is blocked, in dilute catalyst concentrations all 
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photocatalyst particles realize maximum light illumination. Recently, Xiong et al. [296] have 

reported that addition of micrometer sized silica in the photocatalyst panel of Rh CryO3/ 

(Ga Znx)(N Ox) has improved the photoactivity. They found that addition of hydrophilic 

SiO2 in between photocatalyst particles helped in providing interparticle voids, improved 

porosity of photocatalyst suitable for mass transfer of evolved gases at large scale. Also the 

access of water molecules by photocatalyst particles was improved by addition of inert silica. 

However, we have also investigated the factors which limit the extrapolation of H2 

yield obtained over 50 mg of catalyst to 1 g of photocatalyst and is discussed in next section. 

This issue has not been properly surfaced in most of the manuscripts. 

6.3.2.2.3 Variation of H2 yield by varying illumination area  

Effect of illumination area on photocatalytic activity was investigated by performing 

the activity tests in large sized tubular reactors by using a powder photocatalyst. For this 

purpose, photoreactors of different sizes were fabricated which can provide higher 

illumination area and can accommodate higher catalyst loadings. H2 yield was monitored by 

changing area of illumination. In this 100 mg of photocatalyst is dispersed in 33 % aqueous 

solution of methanol and then irradiated in sunlight. H2 yield enhanced from 110 to 183 and 

further to 251 mol/h when exposed to illumination area of 20, 32 and 45 cm2 respectively 

(Table 6.3).  

Table 6.3 Variation of H2 yield with increase in illumination area  

Sample H2 yield ( mol/h)  
Illumination Area 

(cm2) 
AQE 

( ) 

CuTi(2) 
110  20 3.13 
183  32 3.23 
251 45 3.19 

0.1 g catalyst suspended in water + methanol (33 % v/v, total volume of 15 ml) evacuated and irradiated under 
sunlight in reactor of capacity 81 ml with illumination area of 20 cm2. 
*0.1 g catalyst suspended in water + methanol (33 % v/v, total volume of 15 ml) evacuated and irradiated under 
sunlight  in up-scaled reactor of capacity 569 ml with illumination area of 32 cm2.
#0.1 g catalyst suspended in water + methanol solution (33 % v/v, total volume of 75 ml) evacuated and 
irradiated under sunlight in up-scaled reactor of capacity 569 ml with illumination area of 45 cm2. 
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Thus, illumination area (A), a geometrical factor, considerably affects the 

photocatalytic hydrogen yield. But there was no increment in efficiency (Table 6.3) of the 

photocatalyst, as the ratio of H2 yield obtained at a given illumination areas (A) remains 

constant in the AQE and SFE calculations respectively. 

6.3.2.2.4 Optimization of photocatalyst amount in upscaled ~2 L reactor  

Not only increase in illumination area but proper dispersion of photocatalayst over 

given surface area is also mandatory. To further scale up the reaction, 2 L capacity reactor 

with circular geometry was designed for better stirring. The amount of photocatalyst is 

optimized by varying it from 50- 250 mg per 255 ml (3.3  10 mg/ml) of aqueous methanol 

solution by keeping other experimental conditions and irradiation area constant. Fig. 6.6 

provided a time window of 11:00-15:00 IST found suitable for maximum and constant rate of 

H2 generation. Hence all the sunlight experiments were carried out in 2 L of reactor with 

irradiation area of 172 cm2 for duration of 4 h from 11:00-15:00 IST as a function of varying 

catalyst loadings (Fig. 6.8). Also, reaction mixture was stirred during the experiment to keep 

photocatalyst in dispersed form. Decreasing trend of activity for different catalyst loadings 

per 255 ml of solution was in concurrence with results obtained under UV-visible irradiation: 

250 mg (507.12 mol/h) > 100 mg (401.84 mol/h) > 50 mg (231.34 mol/h) as illustrated in 

Fig. 6.8. Under above stated conditions, H2 yield increased with increase in catalyst loadings 

and reaches a maximum value of ~1 mg/ml (250 mg/ 255ml). As observed in above section, 

that H2 yield is highly improportional with catalyst loadings. The non linear rise in H2 yield 

can be justified on the basis of availability of active sites on the surface of photocatalyst and 

the penetration of photoactivating sunlight in reaction mixture. In fact these results in 

conjunction with other literature reports suggest that lower catalyst loadings are more 

photoactivated under sunlight. The extrapolation of per g holds good provided illumination 

area of catalyst also increases proportionally. Photocatalytic hydrogen yield is proportional to 
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illumination area and not to catalyst loading. Thus, extrapolation of results without 

considering illumination area is inappropriate.  

 

Fig. 6.8 Optimization of catalyst loadings in upscaled photoreactors under sunlight using 
constant concentration of methanol and glycerol as sacrificial reagents. (Experimental 
conditions: Different loadings of CuTi(2) was dispersed into ~255 ml of water + sacrificial 
reagent (methanol (33% v/v, 2:1 v/v) and glycerol (15%, 5:1 v/v) solution, purged with argon 
gas and irradiated under sunlight in upscaled reactor of 2L capacity with illumination area of 
172 cm2).  

6.3.2.2.5 Effect of loading of catalyst over ITO/PET film  

Another attempt was made to enhance the efficiency further by spreading the 

minimum amount of photocatalyst over the maximum available illumination area. For this 

purpose, 6 mg of CuTi(2) was uniformly coated on 30 cms long and 0.7 cm wide ITO/PET 

films (total ~12  thickness) sized by a doctor blade technique. The performance of four such 

films with total area of 84 cm2 and 24 mg of CuTi(2) photocatalyst was evaluated in 990 ml 

photoreactor with 250 ml of water + methanol solution under sunlight. For comparison, 25 

mg of powder photocatalyst was also tested under identical conditions. CuTi(2) dispersed 

over ITO/PET films resulted in H2 evolution at 198 mol/h/84cm2 (or 23,571 mol/h/m2 or 
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0.53 L/h/m2) was more than equivalent amount of powder form of catalyst (~136 mol/h or 

0.217 L/h/m2) as shown in Fig. 6.7. There was no H2 evolution over blank ITO/PET films 

under identical conditions. Photocatalytic H2 evolution over CuTi(2)/ITO/PET films was 

found to be highly efficient (AQE = 3.06 %) as compared to the equivalent amount of 

powders (AQE = 1.41 %). In addition to high efficiency obtained over very small amount of 

photocatalysts, other advantage it offers is easy recovery, handling and replacement of the 

catalyst after prolonged use. These are major issues which are of concern during scale- up of 

the hydrogen generation process.  

6.3.3 Replacement of methanol by glycerol 

Due to high rates of recombination reaction of photogenerated electrons and holes 

over photocatalyst, presence of sacrificial reagent becomes a necessity for efficient 

photocatalytic hydrogen generation from water splitting. Methanol is a precious organic 

molecule and itself can be used as fuel. Therefore, it becomes desirable to replace methanol 

by other organic compounds which have low commercial value. A candidate organic 

molecule as a sacrificial reagent for photocatalytic hydrogen production from water is 

glycerol. Glycerol is a by-product in soap manufacturing and more recently in biodiesel 

production [297]. Glycerol being renewable, safe, non-toxic, non inflammable with high 

boiling point qualifies it to be an appropriate compound employed for a large scale solar 

hydrogen production process. As a preliminary study, concentration of glycerol is optimized 

in 81 ml reactor over Pt/Cu0.06Ti0.94O2-  (referred as Pt/CuTi(6)). We have evaluated the 

photocatalytic H2 yield generated over Pt/CuTi(6) catalyst from water in presence of glycerol 

as a sacrificial reagent and compared with water- methanol mixtures under UV-Visible 

illumination (Fig. 6.9). The amount of H2 generated using a water-glycerol mixture (4:1 v/v) 

was 815 mole in 4h as compared to 1320 mole from water-methanol (2:1 v/v). Due to the 

high viscosity of glycerol, a lower amount of glycerol was taken as compared to methanol. 
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Further increase in the glycerol content in the water-glycerol mixture revealed a decrease in 

H2 yield to 675 moles in 4 h. This result suggests that probably due to high viscosity the 

adsorption properties of water on photocatalyst decreases and results in lower H2 yield. To 

compare the results with methanol performance of glycerol and methanol in up-scaled reactor 

(990 ml) reactor was also tested. With half the amount of glycerol, sunlight assisted H2 was 

generated at 11.2 ml/h as compared to 16 ml/h with methanol (Fig. 6.7) over 1 g of CuTi(2) 

photocatalyst resulting in AQE of 5.0 % and SFE of 2.6 %.  

 

Fig. 6.9 Comparison of photocatalytic H2 yield observed using glycerol and methanol as 
sacrificial reagents over Pt/CuTi(6)  photocatalyst. 

6.3.3.1 Optimization of catalyst loading in upscaled (2 L capacity) photoreactor by 

using glycerol as sacrificial reagent 

Experiments were performed to optimize the catalyst loadings in presence of glycerol 

instead of methanol as a more practical solution for commercial photocatalytic hydrogen 

generation. In above section volume of glycerol was optimized to be in 1:5 v/v ratio with 5 

being water. Fig. 6.8 shows the comparison of methanol and glycerol in determining the H2 

yield under sunlight illumination over different amount of photocatalyst loading. H2 yield of 

66.47, 136.39, 202.55 and 244.25 mol/h was observed over 50, 100, 150 and 250 mg of 
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photocatalyst respectively. Photocatalytic activity with different catalyst loadings in presence 

of glycerol followed the same trend as with methanol. Hydrogen yields are much lower in 

case of glycerol. Thus, glycerol can replace the methanol at the cost of reduction of hydrogen 

yield by 50 %. At the same time it is pertinent to mention that the amount of glycerol (15 % 

v/v) used was half to that of methanol (33 % v/v).  

6.3.4 Comparison of effect of different parameters on H2 yield  

Fig. 6.10 shows effect of different parameters on the H2 yield. The bar graph shown 

presents the significance of each factor in determining the overall hydrogen yield. A relative 

standard deviation (RSD) in hydrogen yield obtained by varying a particular factor keeping 

other parameters constant was calculated for each factor. RSD for catalyst loadings and 

concentration of sacrificial reagent (v/v) are alike, suggesting any change in either factor will 

maximum affect hydrogen yield by ±18 %. Among all factors, it is the hourly fluctuations in 

solar flux during the day that does not influence hydrogen yield considerably as revealed by 

minimum RSD of ~4 % on both type of days: bright sunny and cloudy. In other words, 

hydrogen generated at a uniform rate particularly in time window of 11.00 h to 15.00 h 

during the day. In vertical geometry, improper dispersion of photocatalyst limits the hydrogen 

yield significantly (RSD 14.9 %). However, in case of horizontal geometry, stirring of 

photocatalyst for dispersing the photocatalyst does not affect the hydrogen yield to a great 

deal. Other factors such as the very configuration of light source with respect to photoreactor 

and replacement of methanol by glycerol as sacrificial reagent, plays an important role in 

determining the hydrogen yield.  
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Fig. 6.10 A bar graph presenting relative standard deviation calculated in hydrogen yield by 
varying different factors.  

6.3.5 Comparison of present work with reported results 

To review our results, literature reports on copper modified TiO2 systems were 

surveyed and the most relevant ones for H2 evolution are listed in Table 6.4 [202,298 304]. 

Cu incorporated in TiO2 in any form whether on surface by impregnation, or coupled with 

titania as Cu2O or CuO or in form of cationic dopant substituting Ti4+ in titania lattice, results 

in enhancement of activity. Lalitha et al. [299] have reported highly efficient water splitting 

over Cu-TiO2 prepared by an impregnation process (Table 6.4). Here, a comprehensive 

comparison of the doped CuxTi1-xO2-  and composites, xCuO-yTiO2 with varying amounts of 

Cu content under identical conditions is reported. Our results offer conversion rates under 

actual sunlight unlike most of the reports showing activity in UV light. Results are not 

extrapolated to per g instead more realistic extrapolation with respect to illumination area is 
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given. In the present work, 2 % Cu doping in TiO2 results in solid solutions with improved 

photocatalytic and light absorption properties as compared to undoped samples.  

Table 6.4 Comparison of present study with literature reports on various Cu-Ti-O systems for 
photocatalytic H2 evolution under given experimental conditions.  

S.
N
o. 

Authors 
Type of 

photocatalyst 
Source of light H2 yield 

Experimental 
conditions 

1 
C. Wang et 

al.[298] 

Cu doped TiO2 
films by RF 
magnetron 
sputtering 

300 W Xenon 
lamp 810 mol/h/g 

100 ml of 
methanol+ H2O 

(1:10 v/v) 

2 
Lalitha et 
al. [299] 

0.5 wt % Cu-TiO2 

calcined at 450 °C 
for 5 h 

Sunlight 
 
 

20,060 
mol/h 

 

100 mg of 
photocatalyst in 5% 

glycerol + water 
2 wt % Cu2O-TiO2 

calcined at 450 °C 
Sunlight 

 290 mol/h Pure water 

3 

T. 
Sreethawon

g et al. 
[300] 

1.5 wt % Cu 
loaded (as 

cocatalyst) over 
mesoporous TiO2 

300 W high-
pressure Hg lamp 360 mol/h 

0.2 g of photocatalyst 
+ 200 ml of distilled 

water + 20 ml of 
CH3OH 

 

4 
S. S. Lee et 

al. [202] 

6 mol % Cu-TiO2 

composite 
nanofibre calcined 

at 450 °C 

400 W high 
pressure Hg 

lamp (UV-visible 
source), 

360 W high 
pressure 

Na lamp (Visible 
lamp) 

5800 mol/h 
(UV-visible 

light) 
 

720 mol/h 
(visible light) 

0.5 g/L catalyst 
loading into10 % 
(v/v) methanol 

aqueous solution 
 

5 
Z. Jin et al. 

[301] 
 

1.0 wt % Eosin Y 
sensitized  
CuO/TiO2 

 

A 200 W 
halogen lamp 

equipped with a 
cutoff filter ( > 

420 nm) 

10.56 mol/h 

20 mg of catalyst 
+ 70 ml of 15 % 

diethanolamine H2O 
mixture. 

6 
H. J. Choi 
et al. [302] 

 

10 % Cu loaded 
TiO2 

UV lamps having 
intensity of 36 

Wm 2 
at 365 nm 

 

13500 
mol/10h 

 

2 g catalyst per 2.0 L 
of CH3OH/H2O (1:1) 

solution. 

7 
S. Xu et al. 

[303] 
 

CuO /TiO2 
nanotube (TNT) 
by hydrothermal 

method 

400 W high 
pressure Hg lamp 

 

71600 
mol/h/g 

1 g/L catalyst 
concentration in 10%  
v/v methanol- water 

mixture 
 CuO/TNT by 

wet impregnation  
64200 
mol/h/g 

8 
J. Yu et al. 

[304] 
 

1.3 wt % CuO-
TiO2 

Four UV-LED (3 
W, 365 nm) 

 

2061 
mol/h/g 

80 mg photocatalyst 
in 80 ml of 0.1 M 
glycerol aqueous 

solution 
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6.4 Conclusion 

To develop low cost Cu0.02Ti0.98O2-  photocatalyst for its actual application in large 

scale sunlight driven photocatalytic hydrogen generation, it was essential to optimize 

different operational parameters and to quantify their effect on hydrogen yield. The 

reproducibility in yielding chemically similar Cu0.02Ti0.98O2-  powders by sol-gel process was 

established by relevant characterization techniques. Several operational parameters were 

investigated in order to finalize the conditions which are most favorable for photocatalytic 

9 
Present 
study 

Cu0.02Ti0.98O2-  
Medium pressure 

Hg lamp (UV-
visible light) 

333 mol/h 

100 mg in (33% 
methanol v/v 

solution), 
illumination area = 

20 cm2 

Cu0.02Ti0.98O2-  
Sunlight 

 

477 mol/h 
or 33829 
mol/h/m2 

50 mg in 250 ml 
(33% v/v methanol 

solution), 
illumination area = 

141 cm2 

Cu0.02Ti0.98O2-  Sunlight 
mol/

h or 29483.7 
mol/h/m2 

250 mg in (33% 
methanol v/v 

solution), 
illumination area = 

172 cm2 

Cu0.02Ti0.98O2-  
/ITO/PET films 

Sunlight 
 

198 mol/h 
or 23571.43 

mol/h/m2 

Total of 24 mg 
dispersed on 4 
ITO/PET films 

(0.7cm x 30 cm) in 
250 ml (33 % v/v 

methanol solution), 
illumination area = 

84 cm2 

Cu0.02Ti0.98O2-  
Sunlight 

 

244.25 
mol/h or 
14200.6 
mol/h/m2 

250 mg in (16% 
glycerol v/v 
solution), 

illumination area = 
172 cm2 

Cu0.02Ti0.98O2-  Sunlight 
735 mol/h 
or 52127.7 
mol/h//m2 

1 g in 250 ml (33% 
methanol v/v 

solution) 
illumination area = 

141 cm2 

Cu0.02Ti0.98O2-  Sunlight 
492.2 mol/h 

or 34907.8 
mol/h//m2 

1 g in 250 ml (16 % 
glycerol v/v solution) 
illumination area = 

141 cm2 
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hydrogen yield. Concentration of methanol in water as sacrificial reagent was optimized and 

was found to be 33 % v/v. Further, addition of methanol resulted into a lower H2 yield. At 

high concentration probably, methanol may be blocking the surface active sites resulting into 

lower adsorption of water molecules on the surface thus deteriorating the photocatalytic 

activity. Industrial waste, glycerol is a potential candidate to replace industrially important 

solvent methanol as sacrificial reagent. Increase in catalyst loadings in both small scale and 

upscaled photoreactors, resulted in non-linear rise further saturation in hydrogen yield. Thus, 

it is recommended to extrapolate hydrogen yield with respect to illumination area instead of 

per g of photocatalyst. Horizontal geometry a propos vertical provides better dispersion to the 

photocatalyst and results in higher photocatalytic hydrogen yield. Variation of flux of 

sunlight varies throughout a year. It was observed that sunlight flux values increased almost 

three fold from October to May and as expected H2 yield also increased from 36 mol/h 

(AQE = 3.6 %) to 110 mol/h (AQE = 3.13 %), respectively. Variation in the rate of H2 

generation was studied with the solar flux at hourly basis on bright and cloudy day. From the 

data it was inferred that during time window of 11:00 to 15:00 h, hydrogen generation with 

constant yield and maximum efficiency can be achieved and will allow avoiding less 

efficient/productive hours of a day and consequently will be helpful in slashing the running 

cost and shaping the economics of process. Small amount of catalyst dispersed over ITO/PET 

film is found to be more beneficial than the powdered catalyst. Along with this dispersion of 

catalyst over film offers easy recovery, handling and replacement of the catalyst after 

prolonged use and will be helpful during scale- up of the hydrogen generation process. These 

optimization studies will be useful for further scale up of sunlight driven photocatalytic 

hydrogen production over low cost, visible light active Cu0.02Ti0.98O2- photocatalyst. 
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7 Chapter-7                                                                       

g-C3N4 Decorated with Pt and Carbon Nanodots for 

Photocatalytic H2 Generation  

7.1 Introduction 

As describe in the introduction chapter, g-C3N4 is a promising candidate for solar light 

application as its band gap is lower as compared to TiO2. It fulfills thermodynamic criteria for 

water splitting, exhibits chemical and thermal stability, water resistivity and medium band 

gap of 2.7 eV [76,84,305]. Wang et al [76] first time demonstrated the photocatalytic activity 

of g-C3N4. Also performed DFT calculation to evaluate the structure of g-C3N4 and found 

that valence band is predominantly composed of nitrogen pz orbitals while carbon pz orbitals 

constitute conduction band. This implies that the nitrogen is the preferred sites for the 

oxidation of water whereas carbon atom offers reduction sites to give H2. Regardless of its 

advantages its photocatalytic activity is poor due to high rate of electron- hole pair 

recombination and poor utilization of visible light. Hence various methodologies adopted to 

improve the light absorption and lower electron- hole pair recombination as discussed in 

Chapter 1. Cationic/ anionic doping [80,306,307], heterojunction formation [308 311], metal 

loading [312 314] to improve the band gap of g-C3N4 and effective separation of e- and h+ 

pair, are commonly used methods to modify its properties.  

Recently, g-C3N4 coupled with graphene [315], graphene oxide [316], carbon 

nanotubes [317], carbon nanodots [88] were used to improve electron-hole pair 

recombination and light absorption properties of g-C3N4. Carbon nanodots (CND) are 

chemically inert, shows high resistance to photobleaching, acts as electron reservoir for 

efficient separation of photogenerated electron-hole pairs when combined with 



213 
 

semiconductor and as photosensitizer [137]. These properties of CND help to improve 

photocatalytic activity of g-C3N4. Also similar  conjugated structure of both g-C3N4 and 

carbon dots may help in improving the photocatalytic activity of g-C3N4 [318]. Gao et al 

[319] performed DFT studies to understand the interaction between g-C3N4 and trigonal/ 

hexagonal shaped CND and revealed that type II van der Waals heterojunction formed 

between CND/g-C3N4 which helps to reduce the band gap considerably and facilitate charge 

separation.  

Juan Liu et al [88] reported the pure water splitting over carbon nanodot- carbon 

nitride nanocomposite under visible light irradiation. For optimum concentration of CND and 

g-C3N4 (4.8x10-3) shows apparent quantum efficiency (AQE) 16 % and solar to fuel 

efficiency (SFE) 2 % at wavelength 420 nm. They proposed that this composite splits water 

into two steps two electron/ two electron pathway. CND catalyzes the decomposition of H2O2 

into H2O and O2 thus helps in prevention of poisoning of catalyst by removing H2O2. 

Similarly, Li et al [320] reported carbon quantum dots (CQD) deposited onto g-C3N4 

nanosheets (CNNS) and achieve maximum H2 generation rate of 116 mol/h over optimized 

amount of CQD and CNNS. By photoluminescence and photoelectrochemical studies they 

proposed that CQD helps in trapping of electron and separation of electron and hole pair. Xia 

et al [321] demonstrated H2 production @ 6.76 mol/h/g in near- IR at 808 nm over 10 % 

w/w carbon quantum dots/ g-C3N4 nanosheets (CQD/ CNNS) which was attributed to the 

synergistic effect on spectral and electronic coupling of CNNS and carbon quantum dots 

which is synthesized by hydrothermal method. 

CQD coupled with g-C3N4 was also studied for dye and chemical degradation. Jian et 

al [322] reported synthesis of composite of CQD and proton functionalized g-C3N4 formed by 

electrostatic self assembly approach. Efficient photocatalytic activity for MB dye degradation 

and increase in photocurrent density in the composite than pure sample was attributed to the 
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efficient separation of e- and h+ and their low recombination rate. Zhang et al [318] reported 

phenol degradation over carbon dots decorated g-C3N4 samples which were synthesized by 

facile impregnation- thermal method. Fang et al [323] demonstrated both degradation of 

Rhodamine B under UV irradiation and photocatalytic hydrogen production under visible 

irradiation by using C-dots/g-C3N4 hybrid. This hybrid was synthesized by calcination of 

mixture of C-dots and dicyandiamide, where C-dots were obtained from the combustion soot 

of an alcohol burner. All these studies suggest that heterostructure of CND and g-C3N4 is an 

effective way to enhance photocatalytic activity of g-C3N4 in visible region.  

In the present chapter, g-C3N4 is synthesized using pyrolysis of urea. The light 

absorption and photocatalytic properties of bulk yellow coloured powder g-C3N4 were 

enhanced by co-dispersing carbon nanodots and Pt on its surface. CNDs were synthesized by 

facile electrochemical oxidation of graphite rod. These CND are hydrothermally treated with 

ammonia to increase the hydrophilicity and to aid the interaction between CND and g-C3N4. 

Pt photodeposited over CND/g-C3N4 sample. For creation of active sites on surface, minute 

amounts (< 1 wt %) of CND were dispersed on g-C3N4 surface. Samples were characterized 

by relevant techniques to determine structural, electronic, surface and optical properties. In 

addition, XPS technique was used to verify the existence of CND on the surface. CHN 

analysis was carried out to confirm the composition of g-C3N4 samples. Direct water splitting 

was also achieved over the optimized CND/g-C3N4 sample under UV-visible light 

illumination. Further, photocatalytic activity of samples was evaluated under sunlight in 

upscaled photoreactors.  
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7.2 Experimental 

7.2.1 Synthesis of g-C3N4 and CND decorated g-C3N4 

g-C3N4 was synthesized by pyrolyzing urea (Sarabhai M Chemicals, India) in a 

covered alumina crucible and kept in a muffle furnace at 550 °C for 3 h at a heating rate of 5 

°C/min inside fume hood. CND were synthesized by top-down approach using 

electrochemical oxidation of graphite rod [324]. A DC potential of 30 V was applied between 

two graphite rods, acted as cathode and anode, immersed in nanopure water with continuous 

stirring. After 120 h dark brown solution appeared, filtered and filtrate obtained was 

centrifuged at 15000 rpm for 1 h. The solution obtained was water soluble CND. Further 

CND solution was treated with NH3 in an autoclave at 150 °C for 7 h to modify CND with 

NH2 groups. The -NH2/CND solution was mixed with urea and calcined inside a muffle 

furnace. Similarly, several samples with varying amounts of CND were synthesized viz. 

CND/g-C3N4-x wt % (x= 0.48, 0.62, 0.67, 0.75).  

7.2.2 Synthesis of Pt/CND/g-C3N4 sample 

3 % w/w Pt was loaded on CND/g-C3N4 by photo deposition method. A mixture of 25 

ml of water, 5 ml of ethanol and 0.8 ml of H2PtCl6.6H2O (0.02M) was added to a 100 mg of 

CND/g-C3N4 composite. The solution was evacuated and irradiated under UV-visible light 

for 2 h. Obtained sample was washed to remove chloride ion content and dried in an oven at 

80 °C to remove moisture.  

7.2.3 Characterization 

Samples with different concentration of CND were synthesized and characterized by 

different techniques. Powder X- ray diffraction (XRD) patterns were recorded on a Philips 

diffractometer (model PW 1710), equipped with a graphite monochromator and Ni-filtered 

Cu-K  radiation. Vibrational spectra of samples were recorded on Bomem (MB 102) 
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spectrometer in the mid-IR region (4000 to 200 cm-1). 13C MAS NMR spectra of sample 

recorded on AVANCE 400 MHz machine with a 13C basic frequency of 100.57 MHz. TEM 

was recorded on FEI-Tecnai G-20 microscope operating at 200 kV. Amount of carbon, 

nitrogen and hydrogen present in the sample was determined by using Euro vector elemental 

analyser (Euro EA 3000 series). Amount of Pt present in the sample was quantified using 

ICP-OES (JobinVyon JY 2000, France). Thermo-gravimetry evolved gas analysis (FTIR) 

were carried out in a Netzsch Thermobalance (Model No.: STA 409 PC Lux) coupled to 

Bruker FTIR system (Model No.: Tensor 27) via a heated Teflon capillary (1 m long, 2 mm 

i.d.). N2- Brunauer-Emmett-Teller surface area was measured with Micromeritics 3Flex 

analyzer using N2 as the adsorbing gas. XPS experiments were recorded on electron 

spectrometer (SPECS, Germany) using Mg-K X-rays (h = 1253.6 eV) as the primary source 

of radiation with an overall energy resolution of the instrument of about 0.7 eV. The 

appropriate corrections for charging effect were made with the help of a C 1s signal 

appearing at 284.5eV. An optical characteristic of all samples was recorded using 

spectrophotometer of JASCO model V-530 (Japan) with an integrating sphere attachment. 

Samples were scanned in range of 200-800 nm at the scanning speed of 200 nm/min. BaSO4 

was used as reflectance standard. Photoluminescence studies were carried out at room 

having a 450 W Xe lamp as the excitation source having a Peltier element cooled red 

sensitive Hamamatsu R955 PMT. All emission spectra were corrected for the detector 

response. Lifetime measurements were carried out by using a nanosecond hydrogen flash 

lamp as the excitation source and employing Time Correlated Single Photon Counting 

(TCSPC) technique. All the data were fitted with biexponential fitting. It gives two lifetime 

values 1 and 2 and corresponding amplitude, A1 and A2 respectively. Average lifetime ( ) 

was determined by using following equation [325]: 
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                                                                         .....7.1 

7.2.4 Photocatalytic activity 

7.2.4.1 Direct water splitting under UV-visible irradiation 

50 mg of sample was dispersed in pure water without sacrificial reagent, evacuated 

and irradiated under UV-Visible light (medium-pressure mercury lamp, SAIC, India, 400W). 

Yield of H2 and O2 was monitored using GC with He and Ar as carrier gas respectively.  

7.2.4.2 Photocatalytic activity under UV-visible irradiation in presence of sacrificial 

reagent  

H2 generation reaction was also performed in presence of sacrificial reagent in 81 ml 

reactor with illumination area of 20 cm2. For this, 50 mg of sample was dispersed in 15 ml of 

(10 % v/v) aqueous triethanolamine solution, evacuated and finally the solution was 

irradiated under a medium-pressure mercury lamp (Hg, SAIC, India, 400 W) with flux 14 x 

104 surrounded with water circulation jacket to absorb IR irradiation. The emission spectrum 

of lamp in UV-visible region and reaction assembly are shown in Chapter 2. AQE and SFE 

are calculated by using formula mentioned in Chapter 2.  

7.2.4.3 Photocatalytic activity under sunlight in presence of sacrificial reagent 

Photocatalytic activity of samples was evaluated under sunlight in a circular glass 

reactor (volume ~2 L) which is described in detail in Chapter 2. 80 mg of photocatalyst was 

dispersed in a 150 ml (10 % v/v) aqueous triethanolamine. This solution was purged with 

argon gas before irradiation to provide air free conditions as oxygen acts as e- scavenger and 

on photoadsorption blocks the active sites for the reaction. This mixture then irradiated under 

sunlight for duration of 4 h during afternoon (11.00-15.00 IST). The hydrogen generated 

were analysed using a gas chromatograph (Schimadzu, Japan) equipped with a thermal 
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conductivity detector (TCD) and Carboxen column with argon as carrier. Solar flux was 

measured using light meter LX 1108, Lutron Electronic. Flux was measured daily in the peak 

hours and average of lux recorded during 11.00-15.00 IST were used for AQE and SFE 

measurement. 

7.3 Results and discussion 

7.3.1 XRD 

Fig. 7.1 shows the XRD pattern of pristine g-C3N4, CND/g-C3N4 and Pt/CND/g-C3N4 

samples. XRD of all samples shows two distinct peaks one at 12.9° and another broad peak at 

27.7° corresponds to 100 and 002 planes (marked as *) ascribed to inplanar repeating units 

with a period of 0.688 nm and layered staking with inter-planar spacing of 0.323 nm of 

aromatic systems respectively. Inter-planar stacking distance of 0.323 nm reveals the 

graphitic nature of g-C3N4 [320]. Intensity of the peak at 27.7° varies in all samples. The 

more intense peak indicates that there is more regular repetition between graphitic layers 

[326].  

 

Fig. 7.1 Powder XRD patterns of a. CND/g-C3N4 b. Pt/CND/g-C3N4 samples. 
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XRD patterns of Pt dispersed samples show extra weak peaks (marked as # in Fig. 

7.1b) at 39.62 and 46.02° corresponding to 111 and 200 plane of metallic platinum (JCPDS 

No. 88-2343). No shift in the peak position was observed. It can be inferred that presence of 

Pt and CND has not affected the structure of g-C3N4. However, as a result of irradiation under 

UV-visible light, in-plane and interplane crystallinity has improved, resulting in increased 

intensity of XRD peaks in ternary system (Fig. 7.1b). 

7.3.2 FTIR 

FTIR spectrum of g-C3N4, and CND/g-C3N4 were shown in Fig. 7.2. 

 

Fig. 7.2 FTIR spectrum of g-C3N4 and CND/g-C3N4 samples. Inset shows the vibration in the 
region of 1200-1800 cm-1 arises due to stretching modes of CN heterocycle. 

The observed virbrations are listed out in Table 7.1. Pristine g-C3N4 and CND/g-C3N4 

have shown similar spectra which indicate that incorporation of CND has not altered the 

chemical structure as revealed by XRD results also.

Table 7.1 Characteristic vibrations of g-C3N4 and CND/g-C3N4 samples 

IR frequency (cm-1 ) Corresponding vibrations 

810 Out of plane bending vibrations of heptazine rings [327] 
890 Deforming mode of NH groups [327] 

1236, 1334, 1432, 1579, 1640 Stretching modes of CN heterocycle [328] 

3000-3600 
Stretching modes of terminal NH2 or NH groups due to 

uncondensed amine group and OH stretching mode 
owing to adsorbed hydroxyl group [322] 
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7.3.3 13C MAS NMR analysis 

The structure of g-C3N4 was further analyzed by 13C MAS NMR. Fig. 7.3 shows 13C 

MAS NMR spectrum of g-C3N4 and CND/g-C3N4. Spectrum shows two resonance peaks one 

at  = 164.6 and other at = 156.2 ppm which is assigned to the CN2(-NHx) and CN3 group  

of g-C3N4 respectively [329,330]. With increasing carbon nanodot concentration extra peaks 

were observed. In case of CND/g-C3N4-0.75 peaks at = 28, 208.53 ppm corresponds to C-C 

bonding (R3CH) and C=O respectively were observed. No peak due to sp2 hybridized C-C 

bond of graphitic carbon dots (110- 150 ppm) was observed. Reasons are obvious; one that 

CND are present on surface and does not form the integrated part of the chemical structure of 

g-C3N4, second amount of CND is below detection limit. NMR result confirms the heptazine 

ring structure of g-C3N4 and also indicates that CND is not incorporated in bulk g-C3N4. 

Fig. 7.3 a. NMR spectrum of g-C3N4, CND/g-C3N4-0.48, CND/g-C3N4-0.62 and CND/g-
C3N4-0.75, b. thermogram of g-C3N4 and CND/g-C3N4-0.67 recorded till 1000 °C in air. 
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7.3.4 TGA-EGA 

 Thermogram of g-C3N4 and CND/g-C3N4 recorded upto 1000 °C in air and shown in 

Fig. 7.3b. TGA shows g-C3N4 is stable upto 600 °C, with further increase in temperature g-

C3N4 starts to decompose. Thermal stability of g-C3N4 has not altered by incorporation of 

CND on g-C3N4. 

7.3.5 Elemental analysis by CHN analyzer and ICP-OES 

 Elements C, H and N present in CND, -NH2/CND, Pt/CND/g-C3N4 samples were 

determined using CHN analyzer and listed in Table 7.2. Atomic ratio of C/N was calculated 

and found to be 0.64 in g-C3N4 lower than the theoretical value of 0.75. H was also analyzed 

and found to exist in each sample along with C and N. Proportion of C, H, N is varying in all 

samples and was found to be in the range of 93-99 %. Rest was not analyzed or quantify the 

possibilities of existence of oxygen as impurity. The presence of H is attributed to the 

existence of uncondensed amino group, adsorbed water molecules on the surface as evidence 

by a broad peak in the region of 3000- 3600 cm-1 of FTIR spectrum. CND/g-C3N4-0.75 

shows highest oxygen content among the series which may be in the form of OH and C=O as 

seen in FTIR and NMR spectrum respectively. CND/g-C3N4 0.67 has shown that the C, H, N 

was about 99.2 % with minimum impurities. This implies complete condensation in this 

sample. Fang et al [323] synthesized C- loaded over g-C3N4 and found the steady increase in 

C/N ratio with increase in amount of C-dots from 0.651 for pristine g-C3N4 to 0.654 for C-

dot/g-C3N4 synthesized by adding 10 ml of 50 mg/L of C-dots to 10 g of dicyandiamide. 

Similarly here we have observed slight increase in carbon content in all CND/g-C3N4 

samples. Also C/N ratio of used samples was determined and increase in C/N ratio was 

observed that may be due to adsorption of carbon or nitrogen species as a result of oxidation 

of triethanolamine used during photocatalytic reaction as sacrificial reagent. Pt content was 
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analyzed by ICP-OES. Amount of Pt was found to be around 2.8 % which is similar to the 

amount of Pt added by photodeposition method. 

Table 7.2 Carbon, nitrogen, hydrogen content by CHN analysis.  

Samples C (wt %) N (wt %) H (wt %) 
Atomic ratio of C/N 
from CHN analysis 

g-C3N4 33.4 60.7 3.0 0.641 

CND/g-C3N4-0.48 32.7 59.0 2.8 0.647 

CND/g-C3N4-0.67 33.6 62.5 3.1 0.627 

CND/g-C3N4-0.75 32.2 57.7 3.1 0.651 

Pt/CND/g-C3N4-0.48 
used 

34.6 57.5 3.2 0.702 

Pt/CND/g-C3N4-0.67 
used 

33.7 57.5 3.4 0.684 

Pt/g-C3N4 used 33.4 57.5 3.1 0.678 
CND 44.2 - 3.9 - 

CND-NH2 29.75 12.9 Not detected - 
 

7.3.6 TEM  

 Morphology of g-C3N4 and CND/g-C3N4 was studied by TEM as shown in Fig. 7.4. 

Pristine g-C3N4 is a layered structure [331] and these layers are back folded at their edges as 

shown in Fig. 7.4a. HR-TEM image of CND/g-C3N4-0.67 shows CNDs are dispersed on the 

surface of g-C3N4 randomly and marked in white circle in Fig. 7.4b. They are crystalline in 

nature and nearly spherical in shape having diameter in the range of 4-7 nm. Lattice spacing 

of 0.22 nm were observed which corresponds to 100 in-plane lattice spacing of graphene 

[320]. This confirms that CND are successfully anchored on the layer of g-C3N4 to form 

CND/g-C3N4 composite. HR-TEM image of Pt/g-C3N4 were also recorded and it shows well 

dispersed small particles and also some agglomerates of Pt particles over g-C3N4. These 

particles are in the range of 2-4 nm and shows lattice spacing of 0.23 nm which corresponds 

to 111 plane of metallic Pt (Fig. 7.4c).  
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Fig. 7.4 Low and high resolution TEM images of a. g-C3N4, b. CND/g-C3N4-0.67 and c. Pt/g-
C3N4.  

a.

b.

c.
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7.3.7 Surface area 

 N2-BET surface area, mean pore size diameter and cumulative pore volume of pristine 

g-C3N4 is compared with composite of CND and g-C3N4 and tabulated in Table 7.3.  

Table 7.3 Band gap, surface area, pore volume and pore size distribution of CND/g-C3N4  

Sr 
No. 

Sample 
Surface area 

(m2/g) 
Pore volume 

(cm3/g) 
Pore size distribution 

1 g-C3N4 74.1 0.280 Maxima at 28 and 41 Å 

2 CND/g-C3N4-0.48 76.0 0.305 
Broad distribution of pore size 

in the range of 50-256 Å 
centred at 172 Å 

3 CND/g-C3N4-0.62 59.7 0.183 
Maxima at 30 Å in the range 

of 21-116 Å 

 All the samples show type IV isotherm. Pristine g-C3N4 shows the surface area of 74 

m2/g whereas surface area of CND/g-C3N4-0.48 and 0.62 found to be 76 and 59 m2/g 

respectively.  

Fig. 7.5 Cumulative pore volume and pore size distribution of a. g-C3N4,b. CND/g-C3N4-0.48 
and c. CND/g-C3N4-0.62 samples.  

The pore size distribution and cumulative pore volume of the samples are shown in 

Fig. 7.5. g-C3N4 is mesoporous with maxima at 28 Å and 41 Å. However CND/g-C3N4-0.48 

shows presence of small pores. Pore volume changes from 0.28 cm3/g for g-C3N4 to 0.305 

and 0.183 cm3/g for CND/g-C3N4-0.48 and 0.62 respectively. Initially with increase in CND 
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concentration surface area as well as pore volume increases. On further increase in CND 

shows reduction in surface area and pore volume. Probably at higher concentration, CND is 

blocking the pores.  

7.3.8 XPS 

 Chemical composition and oxidation state over the surface was probed by XPS 

analysis. XPS survey spectrum indicates peak corresponds to carbon, nitrogen and oxygen 

which appear at binding energies 284.5 eV (C 1s), 399 eV (N 1s) and 530 eV (O 1s) 

respectively. Fig. 7.6a shows high resolution scan of C 1s present in different samples which 

is deconvoluted into two peaks. First peak appears at 284.4 eV corresponds to graphitic 

carbon and second peak at 287.8 eV corresponds to sp2 hybridized carbon atom attached to N 

(N-C=N) in g-C3N4 [320,323]. With increase in CND content, the area under the peak at 

binding energy 284.4 eV increases. This may be due to sp2 hybridized graphitic carbon (C-C) 

of CND. Similar increase in peak intensity of 284 eV was observed with increase in CND 

concentration by Jian et al [322].  

 Table 7.4 mentions the ratio of both the ratio of carbon peak appearing at binding 

energy 284.4 and 287.8 eV. As expected the ratio increases with increase in CND content. 

This confirms the presence of CND on the surface of g-C3N4. Similar results were also 

observed by Li et al after modifying g-C3N4 nanosheet by carbon quantum dots [320]. In case 

of used samples this ratio is quite high. This can be attributed to adsorption of carbon on the 

surface as a result of decomposition of triethanolamine used as sacrificial reagent. This is in 

agreement with the result of CHN analysis which shows increase in carbon content of used 

sample.  

 A high resolution spectrum of N1s is deconvoluted into two peaks (Fig. 7.6b). One peak 

appears at 398.3 eV corresponds to sp2 hybridized aromatic N in triazine ring (C=N-C) and 

other peak appears at 399.5 eV corresponds to tertiary N in N-(C)3 or H-N-(C)2 present in g-



226 
 

C3N4 [320]. Also a weak peak at 404.3 eV attributed to charging effect or pi-excitation was 

observed [320]. 

 

 

Fig. 7.6 Overlay of XPS spectra corresponding to a. C1s , b. N1s, c. O1s and d. Pt 4f.  

Peak observed at 530 eV corresponds to O 1s which is deconvoluted into two peaks as 

shown in Fig. 7.6c. Peak at binding energy 529.1 and 531.6 eV were observed which can be 

attributed to HO-C=O and C-OH, respectively [322]. The peak due to Pt was deconvoluted 

into two different peaks which appear at binding energy of 73.2 and 69.95 eV associated with 

Pt 4f5/2 and Pt 4f7/2, respectively (Fig. 7.6d). This confirms the existence of Pt in metallic 
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form. This data is in accordance with XRD and TEM results which also reveal existence of 

metallic Pt. 

XPS spectrum of used sample shows spectrum similar to that of fresh sample. This 

confirms that the catalyst is stable after photocatalytic reaction. Elemental concentration on 

the surface was calculated and tabulated in Table 7.4. Atomic percent of C/N over the surface 

was also calculated and it is found to be different from that obtained by CHN analysis. This 

reveals that the surface characteristics are different from that of the bulk. In CND/g-C3N4 

atomic ratio of C/N is greater than pristine g-C3N4 on the surface which indicates that surface 

is carbon rich which confirms the presence of CND on the surface of g-C3N4. However, in 

case of used sample C/N ratio decreases which indicated increase in N content in used sample 

that may be due to adsorption of N containing species as a result of decomposition of 

triethanolamine used during photocatalytic reaction. 

Table 7.4 Elemental compositions derived from XPS study of g-C3N4 and CND/g-C3N4 and 
Pt/CND/g-C3N4 

Sr 
No
. 

Sample 

Chemical composition (atom %) Ratio of 
graphitic 

/sp2hybridized 
carbon 

C N O Pt [C]/[N] 

1 g-C3N4 42.57 45.91 11.52 - 0.93 0.32 

2 
CND/g-

C3N4-0.48 
45.31 40.72 13.97 - 1.11 0.51 

3 
CND/g-

C3N4-0.67 
49.11 26.57 24.33 - 1.85 0.58 

4 
CND/g-

C3N4-0.67 
(used) 

45.28 37.97 16.75 - 0.95 0.66 

5 Pt/g-C3N4 43.82 40.65 15.53 * 1.07 0.64 

6 
Pt/g-C3N4 

(used) 
46.67 40.50 12.83 * 1.15 0.42 

7 
Pt/CND/g-
C3N4-0.48 

(used) 
48.21 36.53 15.26 * 

0.55 
 

1.10 

*  while determination of chemical composition 
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7.3.9 DRS 

UV-Visible absorption spectra of CND (black colour sample) and -NH2 modified 

CND (light yellow colour sample) were recorded and shown in Fig. 7.7. It shows absorption 

in UV region. Peak observed at 227 nm corresponds to the - * transition of aromatic sp2 

transition. Also a weak peak at 300 nm were observed which corresponds to n- * transition 

[324]. 

 

Fig. 7.7 Light absorption spectra of CND and -NH2 modified CND 

Optical properties of CND/g-C3N4 samples were investigated by recording its UV-

visible DRS in the range of 200-800 nm. Fig. 7.8 shows DRS spectrum of g-C3N4, CND/g-

C3N4 and Pt/CND/g-C3N4. Band gap of pristine g-C3N4 was found to be 2.79 eV. A slight red 

shift is observed with increase in concentration of CND. Moreover, CND/g-C3N4-0.48 and 

0.67 shows enhanced visible absorption as compared to the pristine g-C3N4. But not much 

change in band gap was observed after addition of CND. DRS spectrum of Pt/CND/g-C3N4 

nge in absorption edge but upward shift in baseline into visible region 

was observed due to presence of Pt. Light enhancement in the ternary composite of Pt, CND 

and g-C3N4 as compared to pristine sample will make it appropriate candidate for sunlight 

application. 
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Fig. 7.8 DRS spectra of a. CND/g-C3N4 and b. Pt/CND/g-C3N4 

7.3.10 Photoluminescence 

Fig. 7.9a and b shows photoluminescence spectra of all the samples by exciting at 380 

nm. PL spectra of g-C3N4 shows broad peak centred at 460 nm correspond to the band to 

band transition. No change in position of emission peak was observed after addition of CND 

or Pt.  

 

Fig. 7.9 Photoluminescence spectra of a. CND/g-C3N4 and b. Pt/CND/g-C3N4 samples. 
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Time resolved photoluminescence spectroscopy was performed to get more 

information about lifetime of charge carriers. Typical photoluminescence decay curves of g-

C3N4, CND/g-C3N4-0.67, Pt/CND/g-C3N4-0.48 are shown in Fig. 7.10. Fluorescence intensity 

decays exponentially for all the samples. Decay data of g-C3N4, CND/g-C3N4 were fitted with 

2 

are mentioned in Table 7.5. It was observed that with increase in CND content, contribution 

from shortest lifetime decreases while contribution from longest lifetime increases. CND/g-

C3N4-0.67 shows increase in shortest lifetime as compared to g-C3N4 whereas longest lifetime 

is not much affected. CND/g-C3N4-0.75 shows decrease in 1 and 2 as compared to CND/g-

C3N4-0.48. This implies that on increase in CND concentration beyond 0.67 wt % lifetime 

decreases as CND may acts as electron-hole recombination centre at higher concentration.  

 

Fig. 7.10 Decay spectra of a. g-C3N4, b. CND/g-C3N4-0.67 and c. Pt/CND/g-C3N4-0.48 

 In case of Pt deposited samples, Pt/CND/g-C3N4-0.48 shows increase in both shortest 

and longest lifetime ( 1 and 2) as compared to rest of the 1 is 
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lifetime of charge carrier of g-C3N4. This prolonged lifetime will make charge carriers 

available for reaction, thus facilitates the photocatalytic reaction. While in case of Pt/CND/g-
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C3N4-0.48. The average lifetime of ternary system is as follows: Pt/CND/g-C3N4-0.48 > 

Pt/CND/g-C3N4-0.67 > Pt/CND/g-C3N4-0.75. 

Table 7.5 Parameters derived from fitting of decay profile (upto 100 ns) of different samples 
using bi-exponential fitting decay equation CND/g-C3N4 

Sample 
 
1 

(ns) 
A1 

Relative 
percent
age of 

1 (%) 

2 (ns) A2 

Relativ
e 

percent
age of 

2 (%) 

 
Average 
lifetime* 

 

g-C3N4 2.78 0.848 58.95 12.34 0.133 41.04 0.98 6.70 
CND/g-C3N4- 

0.48 
2.63 0.826 47.2 9.17 0.265 52.79 0.98 6.08 

CND/g-C3N4- 

0.67 
3.22 0.785 55.99 11.55 0.172 44.00 0.98 6.88 

CND/g-C3N4- 

0.75 
2.16 0.763 39.80 8.06 0.309 60.19 0.98 5.71 

Pt/g-C3N4 2.5 0.895 60.08 11.35 0.131 39.92 0.98 6.03 
Pt/CND/g-
C3N4- 0.48 

3.17 0.88 70.08 15.61 0.076 29.92 0.98 6.89 

Pt/CND/g-
C3N4-0.67 

2.08 0.769 44.35 7.69 0.261 55.65 0.99 5.2 

Pt/CND/g-
C3N4-0.75 

2.01 0.744 41.99 7.41 0.279 58.01 0.98 5.14 

 

7.3.11 Photocatalytic activity 

7.3.11.1 Direct water splitting under UV-visible illumination 

 50 mg of sample dispersed into water, evacuated and finally irradiated under 400 W 

UV-Visible lamp. The irradiation was carried for 20 h. After every 2 h hydrogen yield was 

monitored. Fig. 7.11a shows H2 yield obtained over all the samples. Pristine g-C3N4 and 

CND/g-C3N4-0.48 has not shown any H2 generation. But CND/g-C3N4-0.67 and 0.75 has 

shown considerable rise in H2 yield compared to the pristine sample. No H2 was observed 

over CND/g-C3N4-0.67 after 4 h of irradiation. But on further irradiation H2 generation with 

the rate of 0.41 mol/h till 16 h and O2 generation at 0.26 mol/h was observed. Ratio of H2 

and O2 evolved was found to be 1.57:1. After 16 h, rise in H2 generation was sluggish. 
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CND/g-C3N4-0.75 were activated for H2 evolution after 6 h of illumination and on continuing 

the illumination H2 generation rate of 0.16 mol/h was observed for 16 h illumination. 

Following trend in photocatalytic activity was observed: CND/g-C3N4-0.67 > CND/g-C3N4-

0.75 > CND/g-C3N4-0.48 ~ g-C3N4. Sample having optimum concentration of CND i.e. 

CND/g-C3N4-0.67 has shown highest H2 generation among all the samples. H2O2 forms as an 

intermediate during water splitting reaction. Decomposition of H2O2 is catalyzes by the CND 

which otherwise proceeds with slow kinetics. Thus, CND/g-C3N4 samples show pure water 

splitting reaction while pristine g-C3N4 is inactive [88].  

7.3.11.2 Activity evaluation under UV illumination and sunlight in presence of 

sacrificial reagent 

 To further enhance the photocatalytic activity, H2 yield was monitored in presence of 

sacrificial reagent such as triethanolamine. CND decorated samples has shown better yield as 

compared to the pristine sample (Fig. 7.11b). Following trend in activity was observed: 

CND/g-C3N4-0.67 > CND/g-C3N4-0.62 > CND/g-C3N4-0.75 > g-C3N4 > CND/g-C3N4-0.48. 

Table 7.6 lists the rate of H2 evolution under different conditions, light sources along with 

AQE and SFE values. With increase in CND concentration increase in H2 yield was observed 

till 0.67 wt % on further increase in CND concentration H2 yield decreases. Maximum 

activity was observed over CND/g-C3N4-0.67 with H2 production rate of 4.25 mol/h with 

AQE of 0.15 %. Increase in H2 yield in CND/g-C3N4-0.67 as compared to pristine g-C3N4 can 

be attributed to the enhanced charge carrier lifetime and their separation evident by 

photoluminescence spectroscopy. The trend in activity is in agreement with 

photoluminescence results. The excess concentration than the optimum amount of CND acts 

as a recombination centre hence results into lower H2 yield. Fang et al [323] also reported 

that excess concentration of CND acts as a electron recombination centre. It is also 

noteworthy, that all these samples did not respond in sunlight. 
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Fig. 7.11 Photocatalytic activity evaluation of g-C3N4 and CND/g-C3N4 under UV-visible 
irradiation in a. absence and b. presence of triethanolamine. (Experimental conditions: 50 mg of 
photocatalyst dispersed into water or aqueous triethanolamine solution (15 % v/v) and solution was 
evacuated, irradiated under UV-Visible light). 

 For practical application to harvest sunlight as well as to lower recombination of 

electron-hole pair, Pt metal was dispersed over CND/g-C3N4 sample. The activity of this 

ternary system was evaluated in both UV-visible and sunlight in presence of sacrificial 

reagent.  

 In UV-visible irradiation, almost comparable H2 yield was observed over Pt/CND/g-

C3N4-0.48 and 0.75 (Fig. 7.12). The sample CND/g-C3N4-0.67 which has performed better in 

UV light in both absence and presence of sacrificial reagent has shown poor activity (45.30 

mol/h) after dispersion of Pt. The following trend was observed over Pt dispersed samples: 

Pt/CND/g-C3N4-0.48 > Pt/CND/g-C3N4-0.75 > Pt/CND/g-C3N4-0.62 ~ Pt/g-C3N4 > 

Pt/CND/g-C3N4-0.67.  
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Fig. 7.12 Photocatalytic activity evaluation of Pt/g-C3N4 and Pt/CND/g-C3N4 under UV-
Visible light. (Experimental conditions: 50 mg of photocatalyst dispersed into water and 
triethanolamine solution (15 % v/v) and mixture was evacuated and irradiated under UV-visible light) 

 However, under sunlight following trend was observed: Pt/CND/g-C3N4-0.48 > Pt/g-

C3N4 > Pt/CND/g-C3N4-0.62 > Pt/CND/g-C3N4-0.75 ~ Pt/CND/g-C3N4-0.67 (Fig. 7.13a). 

Highest H2 yield @ 398.28 mol/h was observed over Pt/CND/g-C3N4-0.48 which is 1.7 

times than that over Pt/g-C3N4. AQE and SFE of Pt/CND/g-C3N4-0.48 were found to be 4.0 

and 2.04 % respectively. Pristine g-C3N4 has not shown any activity under similar conditions. 

Increased H2 generation over Pt/CND/g-C3N4-0.48 can be due to prolonged lifetime of charge 

carrier confirmed by lifetime measurements using PL spectroscopy (Table 7.5). 

 To reconfirm the visible light activity of Pt/CND/g-C3N4-0.48, it was tested 

exclusively under visible light lamp and yielded H2 @ 33.61 mol/h in 2 L reactor in (Fig. 

7.13b). Photocatalytic activity results shows that presence of CND, Pt has positive effect in 

enhancing the photocatalytic activity of g-C3N4. Among all samples, Pt/CND/g-C3N4-0.48 is 

most active which has optimum concentration of CND and proper dispersion of Pt. 
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Fig. 7.13 Photocatalytic activity evaluation over a. Pt/g-C3N4 and Pt/CND/g-C3N4 under 
sunlight and b. Pt/CND/g-C3N4-0.48 under visible light. (Experimental conditions: 80 mg of 
photocatalyst dispersed into 150 ml of solution of water and triethanolamine (15 % v/v) and 
this solution was purged with argon gas and irradiated under sunlight from 11:00 to 15:00 
IST or visible light). 

Table 7.6 H2 yield, AQE and SFE obtained under different conditions using Pt/CND/g-C3N4 
samples. 

 

 Very little literature is available on H2 generation over CND coupled g-C3N4. Table 

7.7 shows the comparison of available data with our results. Yet no one has reported 

photocatalytic H2 generation over ternary system of Pt coupled with CND decorated g-C3N4 
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of sacrificial reagent 
AQE (%) 
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SFE 
(%) 

AQE (%) 
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UV-Visible light Sunlight 
g-C3N4 2.18 0 0.08 0 0 

CND/g-C3N4-0.48 1.44 0 0.05 0 0 
CND/g-C3N4-0.62 3.38 0 0.12 0 0 
CND/g-C3N4-0.67 4.25 0 0.15 0 0 
CND/g-C3N4-0.75 3.06 0 0.11 0 0 

Pt/g-C3N4 44.14 234.67 1.58 1.76 3.46 
Pt/CND/g-C3N4-0.48 60.42 398.28 2.16 2.04 4.00 
Pt/CND/g-C3N4-0.62 46.43 193.49 1.66 0.97 1.90 
Pt/CND/g-C3N4-0.67 45.30 123.50 1.62 0.74 1.44 
Pt/CND/g-C3N4-0.75 52.01 139.11 1.86 0.70 1.38 
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in presence of actual sunlight. Among all reports, catalysts used in this study has shown 

comparatively better performance in the terms of H2 yield in presence of triethanolamine as 

sacrificial reagent, although it is important to mention here that experimental conditions used 

for activity evaluation are different. Liu et al [88] evaluated the photocatalytic activity of 

CND/g-C3N4 for pure water splitting by illuminating the sample under solar simulator and 

found maximum activity for 0.48 wt % CND/g-C3N4 

the similar activity over CND/g-C3N4 samples. The catalyst synthesized in this study was 

active under UV-visible light for pure water splitting reaction but not found to be active 

under sunlight as well as visible light illumination to split pure water. To improve the activity 

further Pt and triethanolamine as sacrificial reagent is used. Maximum H2 generation was 

observed for Pt/CND/g-C3N4-0.48 with AQE of 4.0 % and SFE of 2.04 % in sunlight in 

presence of sacrificial reagent. 

Table 7.7 Comparison of present study with literature reports on various CND/g-C3N4 
system for photocatalytic H2 evolution under stated experimental conditions. 

Sr 
N
o. 

Author Photocatalyst 
Source of 

light 
H2 Yield 

Reaction 
conditions 

AQE 
or SFE 

1 
Juan 

Liu et 
al [88] 

Carbon nanodot
carbon nitride 

(C3N4) 
nanocomposite 

Solar 
simulator 46 mol/h 

80 mg of 
photocatalyst 
dispersed in 

water 

AQE= 
16 % at 

420 
nm, 
SFE 

2.0 % 

2 
Shun 

Fang et 
al [323] 

Carbon dots 
modified g-C3N4 

hybrid 

350 W 
Xenon arc 

lamp 
equipped 

with a UV-
cutoff filter 

 

218 
mol/h/g 

50 mg of the 
photocatalyst 

was suspended 
in 80 ml of tri-
ethanolamine 

aqueous 
solution (10 vol 

%) 

Not 
given 

3 
Kui Li 
et al 
[320] 

CQD deposited 
over g-C3N4 

nanosheets by 
hydrothermal 

method 

300 W Xe 
arc lamp 
with an 

ultra-violet 
cutoff filter 
( > 420nm) 

116.1 
mol/h 

50 mg of 
CNNS/CQDs 
dispersed into 
100 ml water 
and 10 vol % 

triethanolamine 

Not 
given 
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4 
Xinyua
n Xia et 
al [321] 

Heterostructure of 
g-C3N4 

nanosheets 
(CNNS) with 

CQDs 
synthesized by 

one-step 
hydrothermal 

method 

1000 W 
xenon 

Lamp (UV-
Vis) 

equipped 
with a cut-

off 
filter 

m) or an 
808 nm 

laser beam 
(MDL-III-

808) 

219.5 
mol/h/ g 

(UV-Vis), 
50.5 

mol/h/g 
(Visible) 
and 6.76 
mol/h/g 

(near IR 
region at 
808 nm) 

 

10 mg of 
photocatalysts 
suspended in 

10 ml aqueous 
Solution 

containing 
20 vol% 
methanol 

(20%) 

AQE= 
0.034 
% (at 
800 
nm) 

5. 
 
 

Present 
work 

 
 

CND/g-C3N4-0.67 

UV-visible 
light (400 

W medium 
pressure Hg 

lamp) 

0.41 mol/h 
(absence of 
sacrificial 
reagent) 

50 mg of 
photocatalyst 

dispersed in 15 
ml of pure 

water 

- 

UV-visible 
light (400 

W medium 
pressure Hg 

lamp) 

4.25 mol/h 

50 mg of 
photocatalyst 

dispersed in 15 
ml of 10% 
aqueous 

triethanolamine 
solution 

AQE = 
0.15 % 

Pt/CND/g-C3N4-
0.48 

UV-visible 
light (400 

W medium 
pressure Hg 

lamp) 

60.42 
mol/h 

50 mg of 
photocatalyst 

dispersed in 15 
ml of 10 % 

aqueous 
triethanolamine 

solution 

AQE = 
2.16% 

Sunlight 
398.28 
mol/h 

80 mg of 
photocatalyst 
dispersed in 

150 ml of 10 % 
aqueous 

triethanolamine 
solution 

AQE = 
4.0%, 
SFE = 
2.04% 

Visible light 
33.61 
mol/h 

- 



238 
 

7.4 Conclusion 

-NH2 modified CND synthesized from electrochemical oxidation of graphite were 

anchored over g-C3N4. Further Pt was dispersed on the CND decorated g-C3N4 to improve 

the H2 yield. XPS shows that the peak due to graphitic carbon increases as the CND 

concentration increases which reveals presence of CND on the surface. CND/g-C3N4-0.67 

composite was found to be active for pure water splitting reaction in presence of UV-visible 

light with H2 generation @ 0.41 mol/h and O2 @ 0.26 mol/h for 16 h. The ternary system 

Pt/CND/g-C3N4 was found to be more active than individual CND/g-C3N4 and Pt/g-C3N4 

system. Most active sample Pt/CND/g-C3N4-0.48 has shown H2 @ 398.28 mol/h with AQE 

of 4.0 % and SFE of 2.04 % in presence of sacrificial reagent under sunlight and 33.61 

mol/h under visible light. Our results have shown that optimum concentration of CND and 

proper dispersion of Pt has resulted in minimum rate of recombination which is confirmed by 

lifetime estimation of charge carriers using PL spectroscopy.  
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8 Chapter- 8                                                                            

Role of Metal (M = Pt, Pd, Au, Ag and Cu) Dispersion in 

Improvement of Photocatalytic Properties of g-C3N4 

8.1 Introduction  

As explained in previous chapter, g-C3N4 is a promising candidate for solar H2 

generation due to suitable band edge for reduction and oxidation of water and stability. 

However its photocatalytic activity is poor owing to high rate of recombination of electron-

hole pair and medium band gap which leads to low absorption in visible region of solar 

spectrum [73,285,313,314]. Hence in previous chapter attempt was made to enhance the 

photocatalytic activity by dispersing CND on g-C3N4 surface. Another strategy to improve 

light absorption and charge separation properties of g-C3N4 is by forming effective metal- 

semiconductor heterojunction. As explained in Chapter 1, Schottky barrier is formed at the 

interface of metal and semiconductor and the barrier acts as driving force for the separation 

of electron-hole pair [334]. The height of schottky barrier depends on work function of metal. 

This barrier enhances with increase in work function of metal thus helping in better 

separation of photogenerated charge carriers [335]. Along with this metal nanoparticles 

shows surface plasmon effect which stimulate the light absorption properties and also 

provides surface active sites for the reaction [336]. There are many methods for the 

deposition of metal over semiconductor such as photodeposition method, wet impregnation 

method, chemical reduction, electrodeposition, atomic-layer deposition, sputtering and 

physical mixing [337]. Among all these methods photodeposition is an attractive method 

because it allows deposition of metal at the active centres and energy from light is sufficient 
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to reduce metal salt into metal nanoparticles. This method is also useful to deposit metal 

particle selectively on a particular plane of faceted nanoparticles [338].  

Maeda et al [339] deposited Ru, Rh, Pd, Ir, Au and Pt as cocatalyst over g-C3N4 

synthesized by photodeposition method. Among all the samples maximum H2 generation of 

7.3 mol/h was observed over Pt/g-C3N4 in presence of triethanolamine under 300 W Xenon 

lamp illumination. Li et al [340] synthesized Au, Pt, Pd nanoparticles supported over 

mesoporous g-C3N4 nanorods for reduction of 4-nitrophenol using H2 generated from 

reduction of water. Ag photodeposited over g-C3N4 was studied by Li et al for degradation of 

Rhodamine B dye under visible light illumination [341]. Some researchers have also 

demonstrated enhancement of photocatalytic H2 generation after coloading of two different 

metals [342]. 

In this chapter the role of different metals in the enhancement of solar driven 

photocatalytic H2 generation over g-C3N4 is investigated under sunlight. For this, ~ 3(% w/w) 

Pt, Pd, Au, Ag and Cu was deposited over g-C3N4 surface by photodeposition method using 

respective metal precursor. Optical, electronic properties of samples were studied by relevant 

techniques. Time resolved photoluminescence was recorded in order to reveal the effect of 

metal deposition on lifetime of charge carriers. Photocatalytic properties of these samples 

were evaluated in water-triethanolamine solution under sunlight and UV-Visible light 

irradiation. 

8.2 Experimental Methods 

8.2.1 Synthesis of metal/g-C3N4 samples 

Graphitic carbon nitride (g-C3N4) was synthesized by pyrolysis of urea (CO(NH2)2) at 

550 °C for 3 h at a heating rate of 10 °C/min. The sequence of decomposition of urea is 
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mentioned in detailed in Chapter 2. Then obtained powder was washed with distilled water 

and dried at 80 °C. 

(~ 3% w/w) Pt, Pd, Au, Ag and Cu loaded on g-C3N4 by photodeposition method 

using AR grade precursors such as H2PtCl4.6H2O, PdCl2, AuCl3, AgNO3 and CuSO4.5H2O 

respectively. For this, powdered g-C3N4 was dispersed in aqueous ethanol solution (20 % v/v) 

and to the dispersed solution appropriate amount of aqueous solution of metal salt was added. 

The mixture was evacuated to remove air and then irradiated under UV-Visible (medium 

pressure mercury UV-Visible lamp, 400 W) source for 3 h. The solid product was filtered, 

washed with distilled water and dried in oven at 80 °C. However, for Cu loading, irradiation 

was continued for 8 h to ensure complete reduction of Cu2+ to Cu0. 

8.2.2 Characterization 

Powder X- ray diffraction (XRD) patterns were recorded on a Philips diffractometer 

(model PW 1710), equipped with a graphite monochromator and Ni-filtered Cu-K  radiation. 

Vibrational spectra of samples were recorded on a Bomem (MB 102) spectrometer in the 

mid-IR region (4000 to 200 cm-1). TEM was recorded on FEI-Tecnai G-20 microscope 

operating at 200 kV. Light absorption properties of all samples were recorded in range of 

200-800 nm at a scanning speed of 200 nm/min using JASCO model V-530 (Japan) 

spectrophotometer and BaSO4 as reflectance standard. Photoluminescence studies were 

carried out at room temperature with a resolution of 3 nm, using Edinburgh Instrum

FLSP 920 system having a 450 W Xe lamp as the excitation source having a Peltier element 

cooled red sensitive Hamamatsu R955 PMT. All emission spectra were corrected for the 

detector response. Lifetime measurements were carried out by using a nanosecond hydrogen 

flash lamp as the excitation source and employing Time Correlated Single Photon Counting 

(TCSPC) technique. All the data were fitted with biexponential fitting. It gives two lifetime 
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values 1 and 2 and corresponding amplitude, A1 and A2 respectively. Average lifetime ( ) 

was determined using equation 7.1 [325]. 

8.2.3 Photocatalytic activity  

Photocatalytic activity of all the samples was evaluated under UV-Visible light and 

sunlight. Sample was suspended in water + triethanolamine (10 % v/v) solution in a quartz 

reactor having illumination area of 20 cm2. The resultant solution was evacuated and 

irradiated under medium pressure mercury lamp (Hg, SAIC, India, 400W) surrounded with 

water circulation jacket to absorb IR irradiation. Similarly, photocatalytic tests were also 

performed by irradiating sample under sunlight in a reactor having volume of 2 L. Instead of 

evacuation of reactant solution it was purged with inert gas to remove air as volume of 

reactor was large. Sunlight illumination was carried out for duration of 4 h during 11.00-

15.00 IST under sunlight. Photocatalytic H2 production was quantified by gas 

chromatography (Shimadzu, GC 2010 plus) equipped with carboxen column (30 m length, 

0.32 mm ID) and thermal conductivity detector using argon as the mobile phase. Solar flux 

was measured in the peak hours using light meter LX 1108 (Lutron Electronic) during 11.00-

15.00 IST and average of lux recorded were used for AQE and SFE measurement. 

Calculation of AQE and SFE is described in detail in Chapter 2.  

8.3 Results and discussion 

8.3.1 XRD 

Fig. 8.1 a shows the XRD pattern of g-C3N4 and metal/g-C3N4.XRD spectrum of g-

C3N4 exhibited major diffraction peaks at 2 and which corresponds to 002 

and 100 crystalline planes (mention as * in Fig. 8.1a) attributed to interlayer stacking of 

aromatic systems with interlayer spacing of 0.321 nm and in-plane structural repeating unit 

with distance of 0.685 nm, respectively [331]. All metal/g-C3N4 exhibited similar XRD 
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pattern as that of pristine g-C3N4 except Au/g-C3N4 which shows additional diffraction peaks

at 2  = 38.23° marked as # in Fig. 8.1a) which corresponds to 111 plane of Au metal 

(JCPDS No. 04-0784). It can be inferred from the spectra that deposition of metal has not 

hampered the structure of g-C3N4 as no shift in the peak position was observed.  

 

Fig. 8.1 a. XRD pattern and b. FTIR spectra of g-C3N4 and metal/g-C3N4 samples. 

8.3.2 FTIR 

Fig. 8.1b shows FTIR spectrum of g-C3N4 and metal/g-C3N4. The sharp band at 812 

cm-1 attributed to the out of plane bending vibration of heptazine rings. Peak observed at 890 

cm-1 corresponds to deformation modes of NH group [327]. The broad band in the range of 

2900- 3500 cm-1 assigned to stretching vibration modes for OH and amine group (-NH2 or -

NH) [342]. Absorption band at 1636 cm-1 corresponding to C=N stretching vibration mode 

and peaks at 1247, 1329, 1423 and 1569 cm-1 assigned to aromatic C-N stretching [327]. 

Metal/g-C3N4 samples exhibits the similar FTIR spectra as that of pristine g-C3N4 sample. 

This signifies that presence of metal has not hampered the structure of g-C3N4. This is in 

accordance with the XRD result. 
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8.3.3 ICP-OES  

 Metal content in all metal/g-C3N4 samples was quantified by using ICP-OES 

technique and tabulated in Table 8.1. Metal content was found to be nearly 2 wt%. It is lesser 

than the amount of metal targeted for loading. Probably some metal was lost in solution. 

Table 8.1 Metal content of g-C3N4 and metal/g-C3N4 sample. 

Sample Metal content by ICP-OES (wt%) 
Pt/g-C3N4 2.1 
Pd/g-C3N4 1.7 
Au/g-C3N4 1.1 
Ag/g-C3N4 2.1 
Cu/g-C3N4 1.4 

 

8.3.4 TEM 

 Morphology and the dispersion of metal over g-C3N4 were analyzed by TEM. Low 

resolution TEM images of g-C3N4 shows layered structure and these layers are back folded as 

shown in Fig. 7.4a. Metal particles are clearly discerned because of difference in electron 

density between metal and g-C3N4. The loading of metal by photodeposition method exhibits 

more or less spherical Pt, Au and Pd particles (Fig. 8.2a, b, c). HR-TEM of Pt/g-C3N4 shows 

distribution of Pt particles with lattice fringes of 0.23 nm belongs to the 111 plane of metallic 

Pt. High resolution image of Au/g-C3N4 and Pd/g-C3N4 shows lattice fringes with fringe 

width of 0.23 nm and 0.22 nm belonging to 111 plane of Au and Pd respectively. This 

signifies the crystalline nature of Pt, Au and Pd. SAED pattern of Au/g-C3N4 and Pd/g-C3N4 

is shown in b and c and both shows diffused rings revealing nanocrystalline nature of sample. 

The rings in SAED pattern of Au/g-C3N4 were indexed for metal Au. The line scanning 

recorded over Au/g-C3N4 sample and the green line indicates where the line scanning was 

performed. The position marked as 1 in Fig. 8.2d shows presence of Au particle over g-C3N4. 
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Fig. 8.2 a. Low and high resolution TEM images and SAED pattern of a. Pt/g-C3N4, b. Pd/g-
C3N4. c. Au/g-C3N4 and d. EDX line scanning of Au/g-C3N4 
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8.3.5 DRS 

 Fig. 8.3a shows the DRS spectrum of g-C3N4, Pt/g-C3N4, Pd/g-C3N4, Au/g-C3N4, 

Ag/g-C3N4 and Cu/g-C3N4. DRS spectrum of pristine g-C3N4 is compared with metal 

deposited samples. Presence of metal has extended absorption in the visible region as 

compared to pristine sample. g-C3N4 shows optical absorption edge around 440 nm which is 

in accordance with previous reports [327]. An extra absorption peak was found in visible 

region at 488, 565 and 686 nm for Ag/g-C3N4, Au/g-C3N4 and Cu/g-C3N4 respectively. These 

peaks are due to the surface plasmon resonance (SPR) effect of metal nanoparticles. These 

positions matches with the literature report [341,343,344]. The position of SPR maxima 

depends on particle size, shape/aspect ratio, interparticle interactions, dielectric properties 

and local environment of the nanoparticles [343]. DRS spectrum of Pt/g-C3N4 and Pd/g-C3N4 

shows absorption in all wavelengths of visible region as compared to the pristine g-C3N4. 

This indicates that Pt and Pd deposited samples absorb all the light falling on it which is also 

evidenced by the black colour of the Pt and Pd/g-C3N4 samples. From Fig. 8.3a it can be 

inferred that metal/g-C3N4 enhances light absorption in visible region which results into 

increased number of photogenerated charge carriers hence improved photocatalytic activity.  

 

Fig. 8.3 a. UV-visible DRS and b. photoluminescence spectra of g-C3N4 and metal/g-C3N4 
samples.  

a. b.
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8.3.6 Photoluminescence spectroscopy 

 Photoluminescence spectroscopy provides information on electron and hole pair 

recombination. Emission spectra of samples were recorded by irradiating the sample at 380 

nm and depicted in Fig. 8.3b. A broad peak at 450 nm corresponds to band to band transition. 

This transition arises due to n- * transition [345]. Addition of metal does not alter the 

position of emission peak in comparison with pristine g-C3N4. High intensity of peak in PL 

spectrum indicates higher rate of recombination and vice versa. From the spectra it can be 

inferred that presence of metal decreases the e-/h+ pair recombination as decrease in intensity 

of emission peak of metal/g-C3N4 samples was observed as compared to pristine sample. 

 To further probe the role of different metal to reduce recombination rate, life time of 

all the samples were measured. Excitation and emission wavelengths for all samples were 

monitored at 380 nm and 450 nm, respectively. Time resolved photoluminescence data was 

fitted with biexponenetial fitting and lifetime of charge carrier were evaluated using equation 

7.1. The fitted data is shown in Fig. 8.4.  

 

Fig. 8.4 Biexponential fitting of decay curve of a. g-C3N4 and b. Pt/g-C3N4 
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Radiative lifetimes and their contribution in the decay process along with average life 

time are listed in Table 8.2. Two lifetimes were observed. Short lifetime increases from 2.54 

ns for g-C3N4 to 2.95, 2.58, 2.56 for Pt, Pd and Ag deposited samples respectively. Au/g-

C3N4 and Cu/g-C3N4 shows decrease in short lifetime as compared to g-C3N4 to 1.91 ns and 

2.06 ns respectively. The longest life time increases from 9.52 ns for g-C3N4 to 19.88, 16.88 

and 10.08 ns for Pt/g-C3N4, Ag/g-C3N4 and Cu/g-C3N4 respectively. For Au/g-C3N4 and 

Pd/g-C3N4 longest life time decreases to 7.13 and 7.21 ns respectively.  

Among all the samples Pt/g-C3N4 has shown maximum average lifetime of 7.15 ns as 

compared to pristine sample. This implies that loading of metal over g-C3N4 enhances the 

radiative lifetime due to formation of Schottky barrier at the interface which helps in delaying 

the recombination reaction. 

Table 8.2 Lifetime measurement by biexponential fitting (upto 100 ns) 

Sample 
Lifetime 

1 (ns) 
A1 % 

Lifetime 
2 (ns) 

A2 %  
Average 
lifetime 

(ns) 
g-C3N4 2.54 0.86 54.7 9.52 0.19 45.29 0.97 5.76 

Pt/g-C3N4 2.95 0.95 75.40 19.88 0.05 24.6 0.97 7.15 
Pd/g-C3N4 2.58 0.89 71.01 7.21 0.13 28.99 0.97 3.96 
Au/g-C3N4 1.91 0.76 37.45 7.13 0.34 62.55 0.98 5.17 
Ag/g-C3N4 2.56 0.89 72.97 16.88 0.05 27.03 0.97 6.75 
Cu/g-C3N4 2.06 0.91 65.03 10.08 0.10 34.97 0.98 4.85 

 

8.3.7 Photocatalytic activity  

8.3.7.1 Activity under UV-visible illumination 

 The potential of metal/g-C3N4 samples for H2 generation was evaluated by irradiating 

the sample under different light sources. Fig. 8.5a shows photocatalytic H2 generation over 

metal/g-C3N4 from an aqueous triethanolamine solution under UV-Visible light irradiation. It 

was observed that amount of H2 evolved increased linearly with increase in irradiation time. 

Among all samples the pristine g-C3N4 has shown lowest activity i.e. H2 generation @ 1.84 

mol/h. After loading of metal like Pt, Pd, Au, Ag and Cu enhancement in the yield was 
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examined. This reveals that metal incorporation enhances the photocatalytic activity.

Following order for photocatalytic H2 generation was observed: Pt/g-C3N4 (44.14 mol/h) > 

Au/g-C3N4 (23.35 mol/h) > Ag/g-C3N4 (4.89 mol/h) > Pd/g-C3N4 (3.56 mol/h) > Cu/g-

C3N4 (2.12 mol/h) ~ g-C3N4 (1.84 mol/h). Maximum H2 yield @ 44.14 mol/h was 

obtained over Pt/g-C3N4 which is ~ 24 times more as compared to pristine g-C3N4. The AQE 

of Pt/g-C3N4 is found to be 1.58 %. (Table 8.3)  

 

Fig. 8.5 Photocatalytic H2 generation evaluated over g-C3N4 and metal/g-C3N4 under a. UV-
Visible (Experimental condition: 50 mg of sample dispersed in 15 ml of water + 
triethanolamine solution (10 % v/v), evacuated and irradiated under UV-Visible lamp (400 W 
medium pressure Hg lamp)) and b. sunlight illumination (Experimental condition: 80 mg of 
sample dispersed in 150 ml of water + triethanolamine solution (10 % v/v), purged with 
argon gas and irradiated under sunlight from 11:00 to 15:00 IST). 

8.3.7.2 Activity under sunlight illumination 

 In similar way for practical application, performance of metal/g-C3N4 samples was 

evaluated under sunlight in 2 L capacity photoreactor. Amount of H2 generated monitored 

with illumination time and shown Fig. 8.5b. Highest H2 yield @ 234.67 mol/h obtained over 

80 mg of Pt/g-C3N4 with AQE and SFE of 3.46 and 1.76 % respectively. Pristine g-C3N4 and 

a. b.
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Cu/g-C3N4 has not shown any activity in sunlight whereas sample loaded with (3% w/w) Pt, 

Pd and Au has shown remarkable amount of H2 production while pristine g-C3N4 sample was 

inactive under sunlight. The order of solar assisted H2 generation is as follows: Pt/g-C3N4 

(234.67 mol/h) > Pd/g-C3N4 (99.23 mol/h) > Au/g-C3N4 (37.04 mol/h) > Ag/g-C3N4 

(16.81 mol/h) > Cu/g-C3N4 (0 mol/h) ~ g-C3N4 (0 mol/h). 

Table 8.3 H2 yield, AQE and SFE calculated over different metal/g-C3N4 samples with 
different irradiation sources 

 

 

8.4 Relation between work function of metal and H2 yield 

 Work function of metal is in following order Pt > Pd > Au > Cu > Ag [332]. Work 

function of g-C3N4 is 4.34 eV lower as compared to all of these noble metals [346]. After 

absorption of light by metal/g-C3N4 electron from valence band of g-C3N4 gets excited to 

conduction band. These electrons from the conduction band then transfer to the metal where 

the reduction of water takes place to produce H2. Nearly same trend was observed for 

photocatalytic activity under sunlight except for Cu. Ag/g-C3N4 has shown better activity as 

compared to Cu/g-C3N4 though Cu has higher work function than Ag. Among all these 

samples Pt/g-C3N4 shows highest activity for H2 generation which can be ascribed to larger 

work function of Pt among Pd, Au, Ag and Cu. Schottky barrier is enhances if the work 

function of metal is high. Presence of Schottky barrier results into electron-hole pair 

Sample 
Activity ( mol/h) AQE ( , 

%) (UV-
visible) 

AQE ( , 
%) 

(Sunlight) 

SFE (%) 

UV-Visible light Sunlight  
g-C3N4 1.84 0 0.07 0 0 

Pt/g-C3N4 44.14 234.67 1.58 3.46 1.76 

Pd/g-C3N4 3.56 99.23 0.13 1.13 0.58 

Au/g-C3N4 23.35 37.04 0.84 0.58 0.30 

Ag/g-C3N4 4.89 16.81 0.17 0.19 0.09 

Cu/g-C3N4 2.12 0 0.08 0 0 
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separation thus prolongs the life time of photo-generated charge carriers as evidenced by the 

photoluminescence spectroscopy.  

 Pt/g-C3N4 exhibited highest activity due to following reasons (i) increase in light 

absorption due to SPR effect, (ii) reduction of charge carrier lifetime as a result of formation 

of Schottky barrier, (iii) acts as cocatalyst by providing surface active sites and lowering 

overpotential for reaction. 

8.5 Conclusion  

Reduction of recombination rate due to formation of Schottky barrier evidence by 

photoluminescence studies and enhancement of visible light absorption properties of sample 

as a result of surface plasmon resonance which is seen in DRS spectrum has contributed 

positively for enhancement of H2 yield over metal/g-C3N4 sample as compared to pristine g-

C3N4 sample. Among all the metals Pt, Pd and Au has exhibited significant rise in H2 yield as 

compared to the pristine g-C3N4 sample under sunlight. 



252 
 

9 Chapter 9                                                                           

Conclusion and Scope of the Work in Future  

 

H2 generation by splitting water into H2 and O2 can solve near future energy crises. 

There are many methods to split water by using renewable energy such as solar energy. One 

of the attractive methods is photocatalytic water splitting. In this method photocatalyst 

absorbs light falling on it and use this energy to break water molecule into H2 and O2. 

Extensive efforts have taken place in recent past to develop novel materials but still the 

required efficiency for commercialization of the process is not yet achieved.  

In this work two different kinds of photocatalyst were selected on the basis of stability 

and low cost, one is metal oxide based such as TiO2, UV light absorber with band gap of 3.2 

eV and other is organic nitride based semiconductor, g-C3N4 having a band gap of 2.7 eV. 

The inherent problem with the two systems is poor light absorption as well as high 

recombination of photogenerated charge carriers which leads to low activity in sunlight. With 

the aim to improve the photocatalytic efficiency of these systems various strategies such as 

band gap engineering by cationic doping, forming pn junction to reduce the recombination 

rate, decorating with carbon to form carbon-semiconductor heterostructure to improve 

mobility of charge carriers as well as light absorption and forming noble metal-

semiconductor heterojunctions for efficient separation of charge carriers were adopted.  

 The light absorption and rate of electron-hole pair recombination of pure TiO2 was 

improved by doping Cu into the lattice of TiO2, forming pn junction with CuO and NiO and 

heterojunction with carbon. In case of g-C3N4 photocatalytic properties were improved by 

decorating it with carbon nanodots and forming heterojunction with metal like Pt, Pd, Au, Ag 

and Cu.  
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Sol-gel method was adopted to incorporate Cu into TiO2 lattice, form composite of 

CuO-TiO2, NiO-TiO2 and C@TiO2. The amount of Cu was varied from 2-50 mol %. No 

separate phase of CuO was formed till 10 mol % Cu addition. On further rise in Cu content 

different phase of CuO was observed which inferred that TiO2 lattice can tolerate Cu upto 10 

mol %. The elemental analysis quantified from ICP-OES was in agreement with the expected 

composition. In another study, NiO-TiO2 composites were prepared to create pn junctions in 

different samples having varied ratio of NiO:TiO2 phase with NiO from 15-65 mol %. Along 

with formation of NiO and TiO2 another phase of NiTiO3 was co-formed. To evaluate the 

contribution of NiTiO3 in photocatalytic activity of the composite sample, a nearly pure phase 

of NiTiO3 was synthesized by solid state as well as sol gel route. Presence of NiTiO3 may 

hamper the formation of pn junction. Hence gel drying temperature and calcination 

temperature was optimized to attain a composite with minimum impurity of NiTiO3 phase. 

The optimum condition of synthesis of NiO-TiO2 with the desired composition was found at 

gel drying temperature of 90 °C and finally calcining at 600 °C. Sol gel method is useful to 

form pn junction in the bulk as this methods allows mixing of precursors at molecular level. 

Another strategy to modify the catalytic, electronic and morphological properties of TiO2 was 

by incorporating carbon. C@TiO2 composites were synthesized by sol-gel method by mixing 

ethylene glycol and titanium tetrabutoxide and allowed to form organic-inorganic polymer 

which on calcination in inert atmosphere at 500 °C forms C@TiO2 composite. By using this 

method carbon content was altered from 0.14 to 14.7 wt % in the composite as confirmed 

using CHN analysis. 

For g-C3N4 synthesis, thermal decomposition of urea was carried out in a crucible 

covered with lid. Carbon nanodots (CND) were dispersed on its surface to improve the light 

absorption properties and acts as electron reservoir. CND were obtained from electrochemical 

oxidation of graphite rod and further treated with ammonia. CND of 4-7 nm were decorated 
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over g-C3N4 surface by heating a mixture of urea and NH2 modified CND solution at 550 °C. 

In another approach, metals like Pt, Pd, Au, Ag and Cu was dispersed over g-C3N4 by 

photodeposition method. By this method small nanoparticles of Pt in the range of 2-8 nm can 

be deposited on the surface of g-C3N4. Photodeposition method also provides an additional 

advantage of depositing metal at the active sites of the catalyst.    

Optical, surface and electronic properties of all these samples were characterized by 

X-ray diffraction (XRD), Fourier transform Infrared spectroscopy (FTIR), Raman 

spectroscopy, Nuclear Magnetic Resonance Spectroscopy (NMR), X-ray absorption 

spectroscopy (EXAFS/XANES), N2-BET surface area, high resolution transmission electron 

microscopy (HRTEM)/ selected area electron spectroscopy (SAED), X-ray photoelectron 

spectroscopy (XPS), inductively coupled plasma- optical emission spectroscopy (ICP-OES), 

diffuse reflectance UV-visible spectroscopy (DRS) and photoluminescence spectroscopy 

(PL). 

In all samples anatase phase of TiO2 is the major phase. Anatase phase is 

photocatalytically more active as compared to the rutile phase of TiO2. XRD spectrum of Cu 

doped TiO2 system has not shown any peak of CuO phase which confirms the incorporation 

of Cu in TiO2 lattice. Whereas XRD pattern of composite of CuO-TiO2 shows both the 

phases of CuO and TiO2 which is also evident from the SAED pattern of composite samples. 

Phase identification by XRD reveals presence of crystalline cubic NiO and tetragonal anatase 

and rutile phase of TiO2 along with rhombohedral NiTiO3 phase in NiO-TiO2 samples. XRD 

pattern of C@TiO2 composite exhibits line belongs to anatase phase of TiO2. Decrease in 

crystallite size from 22.9 to 5.8 nm with increase in carbon content was estimated using 

Scherrer equation. This reveals that presence of carbon restricts growth of TiO2 particles 

which is also evident by Raman spectroscopy. Structural characterization by Raman 

spectroscopy was further reveals presence of characteristic peaks of anatase phase in TiO2 
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modified samples. In Cu doped and CuO composite samples and C@TiO2 samples, Eg peak 

(144 cm-1) of anatase phase of TiO2 shows shift towards higher wavenumber (upto 148 cm-1) 

and considerable increase in FWHM with increase in Cu or C content in the samples. This 

can be attributed to increased nanocrystallinity of the samples with an increase in Cu and C 

content. Raman spectra of C@TiO2 shows characteristics G and D band which reveals the 

presence of sp2 hybridized carbon atoms in graphite like arrangement and disorder sp2 carbon 

atom in the structure respectively. The shift in D and G band was observed in C@TiO2 

composite which indicates structural imperfection in the carbon or presence of 

nanocrystalline graphite. EXAFS of Cu doped and C@TiO2 sample revealed that the disorder 

in lattice is increases with increase in the amount of Cu and carbon respectively. Distorted 

structures are more open and flexible with improved charge carrier dynamics and favourable 

photocatalytic properties. 

XRD spectrum of g-C3N4 sample exhibits two characteristic peak at 12.9 and 27.7° 

corresponds to 100 and 002 planes ascribed to inplanar repeating units with a period of 0.68 

nm and layered staking with inter-planar spacing of 0.32 nm of aromatic systems 

respectively. After dispersion of CND and metal particles, structural as well as thermal 

properties were unaltered as evident from the XRD, FTIR and TG/DTA spectra.  

Surface and morphological features were studied using N2-BET surface area and HR-

TEM respectively. Both modified TiO2 and g-C3N4 samples shows type IV adsorption- 

desorption isotherm. Cu-Ti oxides shows enhanced porosity and surface area (60-70 m2g-1) 

and exhibited nanosized particles of 7-15 nm lower than pristine TiO2. NiO-TiO2 (1:1) 

(referred as NTC11) having minimal amount of NiTiO3 shows presence of monodisperse, 

nanosized faceted particles, having higher surface area, better porosity and pore volume as 

compared to pristine TiO2 sample. In case of NiO-TiO2 (0.35:65) (referred as NTC36) sample 

where NiTiO3 phase was dominant shows presence of large particles with low surface area of 
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19 m2/g. In case of C@TiO2 samples surface area enhances from 20 to 147 m2/g and pore 

volume increases from 0.0314 to 0.1461cm3/g with increase in carbon content. Among all the 

TiO2 modified samples presence of carbon has shown enhanced surface area which is 

important in heterogeneous catalysis. Cu existed in +2 and +1, Ti in +4 and O as O2- and OH- 

ions was confirmed on surface by XPS of Cu0.02Ti0.98O2-  oxide. XPS shows presence of Ni, 

Ti in +2 and +4 state respectively. Surface concentration of [Ni]/[Ti] was ascertained to be 

0.95 by XPS, close to the expected value of 1.0 in case of most active composition, NTC11 

(NiO:TiO2 in 1:1) among NiTi oxides. This revealed that, the composite character of bulk in 

NTC11 is extended upto surface and Ni and Ti metal ions are homogeneously distributed 

over the surface of NTC11. XPS spectra of C@TiO2 samples shows that hydroxylation 

increases with increase in carbon content and also presence of sp2 hybridized carbon, C-OH 

and C=O group on the surface. In case of CND/g-C3N4, XPS shows that the content of 

graphitic carbon increases with the increases in CND concentration, thus confirming the 

presence of dispersed CND on the surface of parent g-C3N4. XPS spectrum of Pt/g-C3N4 

sample confirms the existence of metallic Pt on the surface.  

Photoluminescence (PL) spectra reveal the course of electron and hole produced after 

absorption of light. pn nanojunctions formation in NTC11 is evident by enhanced life times 

of charge carriers monitored by time resolved photoluminescence. Photoluminescence 

spectroscopy of metal/g-C3N4 and CND/g-C3N4 shows the enhancement of life time of charge 

carriers as compared to the pristine g-C3N4 sample. Reduction of recombination rate in 

metal/g-C3N4 due to formation of Schottky barrier is evident by photoluminescence studies.  

Optical properties of the samples were recorded using UV-visible diffuse reflectance 

spectroscopy. Cu in both doped as well as in composite form, NiO modified TiO2 and 

C@TiO2 composite has shown enhancement towards higher wavelengths in visible light as 

compared to pristine TiO2. Also the calculation of valence band offset ( Ev) and conduction 



257 
 

band offset ( Ec) at NiO and TiO2 heterojunction in NiO:TiO2 (1:1) reveals type-II band 

alignment at the interface and the effective forbidden gap was deduced to be 3.2 (Eg, TiO2) - 

Ev = 3.6 (Eg, NiO) - Ec = 2.67 eV. Thus, a composite of pn oxides offers lower band gap 

energy of 2.67 eV as compared to both pure oxides TiO2 and NiO. In case of CND/g-C3N4 

not much change in absorption was observed but after addition of Pt light absorption into 

visible region was enhanced. Surface plasmon resonance effect exhibited by metal 

nanoparticles enhances visible light absorption of metal/g-C3N4 sample as compared to the 

pristine sample.  

All the samples prepared were active under UV-visible light. But to evaluate the 

potential of photocatalyst for practical application activity was carried out in sunlight. 

Evolution of bubbles during sunlight irradiation was observed and rate and size of bubbles 

varied with the different photocatalysts. The photocatalytic activity studies have shown that 2 

mol% Cu-TiO2 (360 mol/h/g) was most active among doped samples and 20 mol% CuO-

TiO2 (255 mol/h/g) among composite CuO-TiO2 samples as compared to pristine TiO2 (249 

mol/h/g) evaluated under sunlight in presence of methanol as sacrificial agent. It was 

observed that CuO reduces to photocatalytically more active Cu2O by photogenerated e- on 

surface of composites as evident by the XPS spectra of used CuTi sample. Cu2O plays a 

crucial role in photoreduction of water molecules on the surface of the CuTi photocatalyst. 

From reduction potentials values, reduction of cupric to cuprous ion is more favourable than 

water reduction. Under light illumination, photogenerated e- reduces Cu+2 to Cu+1 at the 

surface. Cu2O formed on the surface with band gap of 2.2 eV, absorbs visible light photons to 

generate e-s which are transferred from CB of Cu2O to CB of TiO2 and reduces water 

molecules to evolve H2. Also presence of adsorbed >C=O species in used CuTi(2) catalyst 

suggests oxidation of methanol to higher oxidation products on the surface of photocatalyst is 
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taking place. Surface composition of used oxide by XPS shows that its surface is enriched in 

Cu+1 indicating the predominance of Cu2O-TiO2 type of oxides instead of CuO-TiO2.  

In case of NiO-TiO2 composite, presence of NiTiO3 was found to be derogatory for 

H2 yield. Among all composites of NiO-TiO2, maximum H2 yield @ 169 mol/h/g was 

observed over NiO: TiO2 (1:1) having minimum amount of NiTiO3 phase. H2 yield @ 537 

mol/h/g with 5.4 % AQE was observed after photodepositing 1 % (w/w) Pt over this 

sample. The linear rise in H2 yield with time was observed. No deterioration in photocatalytic 

activity was found during long term activity evaluation of 60 h under sunlight. The enhanced 

hydrogen generation in NiO-TiO2 composites was a result of formation of pn junctions in 

these composites, at which the separation of photogenerated e- and h+ was facilitated, leading 

to suppression of the recombination reaction and efficient reduction of water molecules. 

Maximum activity was observed over C@TiO2 sample having carbon of 3.8 w/w %, which 

was ~ 4 times higher than the rate observed over pristine TiO2 under UV-Visible illumination. 

After Pt loading rate of H2 generation observed was 7689.5 mol/h/g and 2721.6 mol/h/g 

(AQE 11.44 %) under UV-Visible and sunlight illumination respectively. Almost constant H2 

evolution was observed after irradiating the sample under sunlight illumination for 32 h under 

sunlight irradiation. This high photocatalytic activity can be attributed to improved light 

penetration, absorption properties and high surface area. 

Pristine g-C3N4 has not shown any activity under sunlight illumination. CND/g-C3N4 

composite was found to be active for pure water splitting reaction in presence of UV-visible 

light but not found to be active under sunlight as well as visible light illumination. Maximum 

H2 evolution rate of 398.28 mol/h or 4978.5 mol/h/g with AQE of 4.0 % and SFE of 2.04 

% was observed over Pt/CND/g-C3N4-0.48 in presence of sacrificial reagent under sunlight 

illumination. Enhanced life time of charge carrier and light absorption properties which result 

into enhancement of photocatalytic activity of ternary system of Pt, CND and g-C3N4. 
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Among all the metals (Pt, Pd, Au, Ag and Cu) Pt, Pd and Au has exhibited significant rise in 

H2 yield as compared to the pristine g-C3N4 sample under sunlight. Maximum H2 generation 

@ 2692.7 mol/h/g was observed over Pt/g-C3N4 sample. Fig. 9.1 shows the comparison of 

activity of best modified sample in all systems in presence of cocatalyst under sunlight 

illumnation. H2 yield is expressed in terms of L/h/m2of illumination area. 

 

Fig. 9.1 Photocatalytic H2 generation expressed in terms of L/h/m2 and AQE of the system 
evaluated in presence of Pt as cocatalyst and sacrificial reagent and under sunlight 
illumination. 

Improved light absorption, surface area and charge carrier lifetime favoured the 

photocatalytic properties in the modified samples as compared to the pristine sample and thus 

make them more suitable candidates as photocatalysts for water splitting reaction. TiO2 

modified by Cu2+ ions is an efficient low cost visible light photocatalyst that can be targeted 

for large scale H2 production under sunlight.  

Future Scope 

Two low cost catalysts developed from the present thesis, Cu doped TiO2 and 

C@TiO2 composites are established as potential low cost sunlight active photocatalysts with 

7.5 and 11% AQE, can be employed for large scale photocatalytic hydrogen generation under 

sunlight. For, this photoreactors will be coupled with compound parabolic collectors (CPC) to 

enhance the solar flux falling on the reactors. The fabrication of CPC coupled photoreactors 
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with provision of water cooling and to accommodate with the varying sunlight angle will be 

designed. Attempts would also be there to replace costly commercially important methanol 

with organics which are cheap and thrown as waste from industries. We already shown the 

efficacy of glycerol, an industrial waste, as substitute for methanol in our studies (Chapter-6). 

For fundamental studies, the systems developed in this work can be further explored 

for energy and environment related problems such as reduction of CO2 to methane or removal 

of organic pollutants under sunlight. There is a scope of improvisation of photocatalytic 

properties of TiO2 and g-C3N4 by other strategies such as core shell structures and with 

respect to the nature of carbon to further facilitating charge separation and enhance charge 

carrier mobility. Also, the functional group on the surface can be altered to further enhance 

its properties for better adsorption of reactant molecules. For example it is possible to 

decorate the surface of carbon with amino group to facilitate the adsorption of dye having 

acidic group and hence its degradation. It was observed that after addition of Pt as co-catalyst 

rate of H2 generation significantly rises. But Pt is very costly hence studies can be undertaken 

to lower down the price of photocatalyst for its commercial use by replacing costly Pt with 

comparatively cheap cocatalyst like MoS2.  
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