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ABSTRACT 

Designing a suitable photocatalyst which solve both the issues (energy and 

environment) always remains a challenge. Energy savings and greenhouse-effect 

mitigation are embryonic due to the limited fossil fuel resources and increasingly 

stringent requirement for the environmental protection from major greenhouse gases, 

including carbon dioxide (CO2), The development of an “artificial photosynthetic 

system” (APS) having both the analogous important structural elements and reaction 

features of photosynthesis to achieve solar-driven water splitting and CO2 reduction is 

highly challenging. Here, the visible-light (≥ 420 nm) photoconversion of 

CO2methane (CH4) and methanol (CH3OH) over CeO2 nanoparticles, Bi2S3 and 

CdV2O6 nanorods, hollow and mesoporous CdS microspheres, and their 

nanocomposites (Bi2S3/CeO2 nanocomposites, CdS/CeO2 core shell nanocomposites 

and CdS- CdV2O6 common cation heterostructure) is reported. Methane and Methanol 

can further be used as the fuel. It has been demonstrated that owing to the sufficiently 

negative conduction band (CB) potential of Chalcogenides (Bi2S3 ~ −0.58 V and CdS 

~ -0.80V against standard hydrogen electrode (SHE)), Bi2S3 and CdS based 

photocatalysts can be utilized as efficient APS for the photoreduction of CO2 into CH4 

and CH3OH under visible-light irradiation.  

The as-synthesized photocatalysts have further been characterized through 

different techniques. The phase, crystal structure, morphology, composition, 

optical/photoluminescence property and alignment of energy levels of the as-

synthesized Chalcogenide based photocatalysts have been thoroughly studied by 

different techniques, such as powder X-ray diffraction (XRD), scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), energy dispersive X-

ray spectroscopy (EDX), high resolution transmission electron microscopy (HRTEM), 

X-ray photoelectron spectroscopy (XPS), nitrogen adsorption-desorption BET, 

ultraviolet-visible-near infrared diffuse reflectance spectroscopy (UV-Vis-NIR) and 

Photoluminescence (PL) spectroscopy.  

The efficiency of the synthesized photocatalysts has been analysed by their 

application for the reduction of CO2 under visible light in the presence of H2O. 

Combination of visible light active Bi2S3 and CdS with different metal oxide 
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semiconductors (i.e., CeO2 and CdV2O6) owing to the formation of interface between 

p-type Chalcogenides and n-type oxides, visibly increases the production of solar 

fuelsby efficiently promoting the electron transfer from the CB of Chalcogenides 

(Bi2S3 and CdS) to that of metal oxides (CeO2 and CdV2O6) under visible-light 

irradiation. As a class of advanced composite material, core/shell structures exhibit 

unique chemical composition and electro chemical properties. These properties are 

quite promising not only fundamental but also from the technological point of view as 

well and improve the interfacial charge transfer process. The high yield of solar fuel 

(CH4 and CH3OH) is observed in case of CdS/CeO2 coreshell due to formation of 

close contact in coreshell like morphology.Such composite have hollow structured 

microspheres coreof CdS with mesoporouschannels that can facilitate efficient 

adsorption and activation of CO2 for successive photoconversion into CH4 and 

CH3OH. 

 In addition, the CdS-CdV2O6 hybrid microstructures synthesised by limited 

chemical conversion rout, CdS acts more like a sensitizer as in dye-sensitized solar 

cells, and remarkably improves the rate of CH4 production, which is ascribed to the 

modification of CdS over the CdV2O6 superstructure. Better photocatalytic activity of 

flower like CdS-CdV2O6 common cationheterostructure than that of single 

photocatalyst nanocrystals, and other composites isalso attributed to suitable band 

alignment and common ion which suppresses the electron-hole recombination 

Moreover, Stability of photocatalyst is also very important along with the 

photocatalytic efficiency for practical application. The XRD and SEM are recorded 

after photoreduction and photocatalyst applied for several runs to check the stability 

of photocatalyst. As synthesized composites show better stability than that of single 

Chalcogenides. Based on the evidences from the above experiments, 

chalcogenide/metal oxide composites seem to be promising for the visible-light 

induced photocatalytic conversion of CO2 into solar fuels. 
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INTRODUCTION 
During the past few decades, socio-economic revolution brings about 

remarkable progression in the field of technology. Science and technology provide a 

key to open the lock of mankind’s mastery over nature, which termed as technical 

progress. Such progress influences the every aspect of society from elevating the 

living standard of human being, health and life longevity, to social improvements.  In 

the future, mankind will need sustainability in all aspect of life. Sustainable 

development is one of the fundamental challenges for today’s world. Fortunately 

rapid and devoted scientific research in the technical field has proved a solution to 

deal with this challenge (Figure 1.1). 

 

 

 

Figure 1.1 relationship chart of sustainable development 

 

Sustainable development basically resided on energy. There are many types of energy 

resources. Energy derived from non renewable resource such as fossil fuels is the key 

aspect of present progressive explosion.  
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1.1 Fossil Fuel 

More than 85% of the world’s energy demand is full filled by the burning of 

fossil fuels that are: oil (33%), coal (30%), and natural gas (24%). According to BP 

statistical review of world energy 2013, apart from fossil fuels, nuclear energy (2%) 

and burning of biomass (9%) also contribute in global energy resources but fossil 

fuels are fundamental energy source.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2 Global energy consumption chart 2013 [BP Statistical review, 

2013] 

 

Alarming increment of world population and demand for luxurious life 

required huge source of energy for the manufacturing of industrial product which is 

full filled by the massive use of fossil fuels. It is predicted from such huge 

consumption of energy that demand of energy sources will increase 36% within two 

decade [BP Energy Outlook,2013]. It seems that consumption of non renewable 

energy resources (fossil fuels) remains future of energy requirement. 
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1.1.1 Advantages of Fossil fuels 

Outstanding growth in the industrialization is being indebted to these fossil 

fuels. They are even supposed to be the man’s best friend for a progressive, 

developed and sustainable society. There are certain factors which make fossil fuels 

so much valuable and these factors are given over here. 

(i) High Energy Yield: Combustion oflittle amount of fossil fuels produces 

high amount of energy. Due to ease of combustion, fossil fuels are so 

popular over the past few centuries. It is expected such popularity remains 

as it is in the future decades as well. The production of greater amount of 

energy is one the reason that all the vehicles and industrial revolution relay 

on them. 

(ii) Most Abundant Energy Resource: Fossil fuels are most abundant in 

supply and easy to find. They are enormously present across the planet. As 

renewable energy sources are not so much popular hence, it is supposed 

that fossil fuels are most common and main source of energy still and 

remained major source of energy for coming several decades. 

(iii) Cost Effective Fuels: The extraction of fossil fuels and production of 

ultra clean fuel by different procedures of refining is comparatively low 

cost and much easier to use. Fossil fuels have market value and such cost 

effective economic value make fossil fuels the most promising source of 

energy. 

(iv) Easily Storageable and Transportable Fuel: Fossil fuels are basically 

hydrocarbon fuels which contain very stable molecules of Carbon and 

hydrogen. Thus, fossil fuels are stable as compared to other fuels and can 

be store for very long time in containers. They cannot convert in to any 

other chemical form by themselves. Regular supply of fuels to the 

industries is necessary for continues production. Fossil fuels (i.e: natural 

gas, petroleum, coal) are the most stable form of fuels.  Hence, these can 

be transported easily from mines or refineries to the industries through 

pipes and other means of supply. The portable nature of fossil fuels is the 

biggest advantage which makes them highly demanding fuels still now. 

(v) High Heating Value:  Another advantage of fossil fuels is their high 

heating value. Heating value is termed as calorific value. Every kind of 
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fuel has specific calorific value and this value give information about the 

efficiency of the fuel. Fossil fuels are highly efficient owing to production 

of high calorific value. 

(vi) Economically beneficial set up:  Power plants based on fossil fuels can 

be constructed in almost everywhere on land. They can set up easily and 

fossil fuels can extract and refine through easily and developed 

technologies. Portable nature of fuels makes easily storage and 

transportation of this fuel. It has high market value. 

1.1.2 Disadvantages of Fossil fuels 

Apart from the numerous advantages there are some serious drawbacks related 

to fossil fuels. Such drawbacks can limit their consumption in the future and force 

researchers to find alternative source of energy. Some of them are mentioned here. 

(i) Environment Endanger: Pollution caused by combustion of fossil fuel is 

one of the major disadvantages. This source of energy is not environment 

friendly. Use of natural gas causes unpleasant order. Coal is the major 

source of air pollution. Combustion of Coal creates hole in protective layer 

(Ozone layer). As a result the destructive UV rays penetrate into the earth 

which damage the skin and cause different type of disease specially 

cancer. Coal utilizing power stations require large amount of fuels. They 

required not only truckload but trainloads, shiploads in order to continuous 

production. Transportation of fuel causes pollution and posses 

environmental hazards if some accident such as spilling of oil happened. 

Combustion of oil spread toxic chemical and badly effect aquatic and land 

life. 

(ii) Acid rain: Combustion of fossil fuels emits SO2, Nitrogen Oxide and ash. 

SO2 is responsible for acid rain which not only damage buildings, 

mountains but crops andhuman health as well. Soil becomes acidified due 

to acid rain. Acid rain affects respiratory system and cause skin disease. 

(iii) Global Warming: The major issue related to the fossil fuel is the direct 

emission of CO2 in to the atmosphere. CO2 is a green house gas and well 

known cause of global warming by absorption and re-emitting of infrared 

light. The increment in energy demand due to rise in population and 

human technology leads to the alarming increase of CO2 level in to the 
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atmosphere. According to international panel on climate change (IPCC) 

temperature of the earth surface has been rising very significantly over the 

past two decades [IPCC Climate Change, 2007]. One of the bad impacts of 

global warming is melting of ice in Polar Regions which increase the sea 

levels and flooding in low laying areas. Global warming increases 

precipitation level across the globe as well [Tang, J. et al. 2012]. 

(iv) Depletion of energy source:  Other than environmental issues, high 

utilization of fossil fuels causes shortage or depletion of this energy source 

as these are non-renewable energy resource. Energy demand is rapidly 

growing day by day due to increase in world population. The current 

energy infrastructure resides in easily storage and transportable fuels that 

are fossil fuels (coal, natural gas and petroleum).It is expected that up to 

the end of year 2050 these energy resources can be replenished because of 

their high consumption or naturally recurring processes [Izumi,Y. et al. 

2013]. 

1.2 Different strategies to solve above mentioned energy and  

environmental issues 

So, owing to shortage of fossil fuels, to fulfil rapid growth of energy demand 

and to overcome the environmental issues related to alarming increase of CO2 

different strategies have been adopted such as use of hydrogen, renewable, nuclear 

energy resources, deforestation reduction, storage and capture of CO2, direct 

reduction of CO2 and CO2 utilization [Windle, C.D. et al. 2012]. 

A brief description of all these strategies is given below: 

1.2.1 CO2 Capture and Storage (CCS) 

CCS is a good way to reduce CO2 emission. CO2 is captured from highly 

contaminated areas of CO2 such as petrochemicals, cement, iron, steel, power 

generation and remove CO2. The captured gas is transport, inject and store for 

prolonged periods in various sinks include mineral carbonation, ocean storage and 

geological storage [Grimston, M. et al. 2001]. Although technologies related to 

separation and capture show great potential in case of cost and penalty energy [Marin, 

O. et al. 2012], still further development is required. Additionally large amount of 

energy is required for the compression and transportation of gas in this technology. 
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Environmental risk of leakage of gas is also related to this technique [Lia, K. et al. 

2014]. 

1.2.2 Use of carbon free energy sources 

(i) Nuclear Energy: Nuclear energy provide low carbon energy but it has 

some serious drawbacks such as potential risk of disaster, production of 

large amount of nuclear waste, limited water availability and long term 

contamination of environment.  These drawbacks  limitthe use of nuclear 

energy as primary source of energy [Moriarty, P. et al. 2008] 

(ii) Hydrogen energy:Use of hydrogen energy provide environment friendly 

source of energy. But it is produced by steam reforming and electrolysis of 

water which require constant energy input and full optimization of 

conditions. Additionally, the hydrogen storage and the construction of 

fuelling stations, fuel cell vehicles which are in the process of 

development are the main drawbacks of hydrogen energy [Turner, J.A. 

1999] 

(iii) Renewable Energy Sources:Based upon limitations of all above 

mentioned techniques other sustainable alternatives are required. Such 

alternatives should be environment friendly and full fill the rapid growth 

of energy demand. It is inevitable to use the renewable sources including: 

solar, water, geothermal, biomass and wind energy to full fill the energy 

requirement.  

(a) Wind: Wind turbines and wind mills use kinetic energy of air to 

generate electrical and mechanical energy. It is continuous, clean, 

CO2 and other pollution free source of energy. This technique is 

economical and beneficial to local communities as land can be 

used to produce energy and grow crops simultaneously. Wind with 

velocity greater than 7mph is the main requirement of this source 

to use as energy. The main drawbacks related to this source are the 

variation in wind power density, duration and storage of energy. 

(b) Geothermal: Instead of fossil fuels steam can be generated by 

underground heat of magma to run turbines and generators for 

electricity. Geographical distribution and cost effective economical 

barriers are two major limitation of this source of energy. 
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(c) Water: 71% of the earth crust is covered with water. Hydroelectric 

power plants use kinetic and gravitational potential energy of water 

to generate electricity and convert it into other types of energies. 

Dams act as large reservoirs of water. The electricity generated 

then transfer to the homes, factories and everywhere there it 

needed. It is easier and cheaper technique for the third world 

countries. Flooding on irrigated land, destabilization of ecosystem, 

availability of suitable land and construction of dams are major 

drawback of this source of energy. 

(d) Solar:The most copious formof renewable energy is solar energy 

having enormous amount of energy about 100000TW/Year 

[Barber, J.2009]. It is consider as primary, inexhaustible, clean and 

environment friendly source of energy [Gust, D. et al. 2001]. 

However, like other source of energy, certain problems of sunlight 

i.e. day and night cycle, seasonal and weather condition, low 

sunlight power are associated with it. Hence, certain strategies 

should also be made to store this energy as well for long period of 

time. For all renewable energy technologies, electricity is the end 

product. The dependency and efficiency mainly exist in 

simultaneous progress of storage and net potentials. In contrast to 

other renewable energy technologies, solar energy provides instant 

way in to high energy density carriers for transportation fuels.Solar 

energy entrap in the bond.  Additionally, as solar energy is much 

more abundant in nature, utilization of very less amount of it 

would be sufficient to full fill the alarming increase of energy 

demand.   

1.3 Strategies to use solar energy as primary source of  

energy 

Sun is considered as the everlasting source of energy for sustainable society 

[Centi, C. et al 2010]. Considering the above mentioned advantages of solar energy, if 

it is efficiently harnessed, it has vast applications. Other than electricity there are 

various ways to use solar energy such as heating, biofuels and food. Based on the 
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storage techniques generally there are two strategies involve for the consumption of 

sunlight as a primary energy source. These are given here: 

1.3.1 Converting photon in to electrical energy 

In this way, sunlight in the form of photon is converted into electrical energy 

or any other conventional form of energy. This electrical energy is then store in 

batteries, supper capacitors or any other available electricity storage devices for the 

transportation to high energy utilizing areas [Heller, A. 1981; Wrighton, M.S. 1982] 

But, sustainability is the major problem related to this technique, involving the 

availability and cost of lithium and other metals for the construction of batteries.   

1.3.2 Converting photon in to chemical energy: photocatalysis 

Second strategy is the capture and conversion of photon in to chemical 

energy. Photons are captured and stored in to the chemical bond of materials having 

ability to store enough energy. This energy is then released on requirement. The 

chemicals which can release chemical energy and produced under the influence of 

sun light or using sun light as primary source are referred to as “solar fuels”. Large 

amount of solar energy is stored in solar fuels and which are not only considered to be 

used for power generation but also as feedstock for varies industries. Solar fuels 

mainly include hydrogen and carbon-based fuel like Carbon monoxide, methane, 

methanol etc. Hydrogen is derived by the photolysis of water while carbon-based fuel 

derived by photocatalytic reduction of CO2.  

Process involving the construction of solar fuels is relay on conventional 

concept of Photosynthetic process which involves the reduction of CO2 by water in to 

useful chemicals with the help of sun light. Photosynthesis is a kind of light 

harvesting system. It convert solar to chemical energy using efficient charge 

separation functions, reaction centres photosystem I and II (PSI and PSII), 

cytochrome with co enzyme NADPH as redox carrier and CO2 reduction Calvin 

cycle. For sustainable production of energy to feed our planet, researchers have been 

trying to develop a mimic of such elegant natural photosynthetic system. However, 

developing the exact mimic of natural system is extremely difficult. Thus a simple 

“artificial photosynthetic system” consisting of two key aspects (using a Z-Scheme 

system to reduce CO2 by H2O) can be developed. Figure 1.3 elaborate the mimic 

system of natural photosynthetic process 

 



 

 9 

 

 

Figure 1.3 Elaboration of photosynthetic process 

 

Based on the two key aspects of photosynthetic system basically two 

technologies have been develop to efficiently harness the solar energy from sun. 

Those are: 

 Photolysis of water which mainly generates hydrogen as a solar fuel 

 Photo reduction of CO2 which give carbon-based solar fuel 

 

(i) Hydrogen as a solar fuel: hydrogen as a solar fuel is achieved by 

photocatalytic water splitting.  Hydrogen as a solar fuel has attracted larger attention 

since era of 1950. In 1950 first time scientists successfully obtained hydrogen via 

artificial photosynthesis by the collaboration of biological and physical process 

[Gray,H.B. 2008]. During the past one and a half decade, efforts are growing to 

develop more efficient system for the generation of hydrogen solar fuel [Walter, M.G. 

et al. 2010]. According to US Energy Department, hydrogen considers as ideal 

renewable energy source but its widespread application is still limited due to lack of 

basic knowledge and technology [Energy Efficiency & Renewable Energy, 2013)]. 

As hydrogen is produced mainly from steam reforming and water electrolysis hence it 
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requires energy input and full optimization. Being as gas additional drawbacks related 

to the storage, flammability and explosion also include. 

(ii) Carbon based solar fuel:  CO2 reduction based fuel would provide 

intermediate situation between present situation of enormous utilization of fuels 

derived from fossil and future application of hydrogen as energy source. Water 

splitting provides only hydrogen while CO2 reduction gives series of potential 

products including methane (CH4), methanol (CH3OH), Carbon monoxide (CO), 

formaldehyde (HCOH), formic acid (CHOOH), many saturated and unsaturated 

hydrocarbons, etc. Among various potential products, methanol has high energy 

contents, high octane number and valuable transportable fuel. It also acts as precursor 

for many other potential products. Thereby, through reduction of CO2 new chain of 

chemical supply is initiated that is free of current dependence of oil, natural gas, coal 

and offer economically feasible, environmental friendly CO2 utilization process 

(Figure 1.4). 

 

 

 

Figure 1.4 Carbon zero rout for the generation and application of solar fuel 

 

Utilization of CO2 for geological storage or to convert in to useful chemicals 

has been carried out by different ways. Such ways include thermochemical 
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conversion [Aresta, M. et al. 2007], biological conversion [Barber, J. 2009], 

electrochemical conversion [Usubharatana, P. et al. 2006] and reduction of CO2 by 

using photocatalyst [Inoue, T. et al. 1979].Low efficiency, availability of limited 

substrate and deactivation of electrodes are some serious limitations for the biological 

and electrochemical conversion.  Comparatively to other techniques, reduction of 

CO2 utilizing solar energy with water mostly carried out at room temperature, directly 

generate solar fuel. Practical application of this process prove as alternative of fossil 

fuel. Hence, photocatalytic reduction of CO2 not only solve the energy issue but 

protect environment as well to some extant such as “hunting two birds with one 

stone”. It is most promising, environment friendly but challenging technique for 

obtaining desired fuel. This process can be carried out via artificial photosynthesis 

which make it most promising.  

1.4Photocatalytics reduction of carbon dioxide (CO2) 

The conversion of CO2 to energy rich and useful product is endothermic but 

renewable source of energy which is solar energy provide driving force for this 

conversion process. Direct decomposition of CO2 in to useful chemical is 

thermodynamically unfavourable owing to high positive vale of Gibb’s free energy. 

Hence, Innovative catalyst and photoreactor harness the solar energy and photoreduce 

linear CO2 molecule by breaking Carbon oxygen double bond (C=O) to form C-H 

bonds of solar fuel. Activation of CO2 not only requires contribution of incident 

photon but also efficient excited electron. Therefore, facilitation of reduction process 

has been achieved by additional reducing agents. Water is non toxic, abundant in 

nature. It is preferable reducing agent as it is not only fix the CO2 by giving hydrogen 

but simultaneously oxidise and act as hole quencher in this process [Neatu, S. et al. 

2014]. Reduction of CO2 is multi electron transfer process [Nocera, D.G. 2012]. The 

principal of this process involve three basic steps 

1. Generation of electron-hole pair by the adsorption of suitable energetic 

photons from light irradiation 

2. Separation and transportation of photogenerated charge carrier 

3. Chemical reaction to generate carbon based fuel 

Photoexcited electron-hole pair is generated when of photon having energy 

comparable to the band gap of catalyst is absorbed by catalyst. Photoexcited electron 

transfer to highest empty energy band called conduction band (CB) while leaving 
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holes equal to the electrons in the lowest energy band called valance band (VB). 

Electrons reaching on the surface are responsible for the reduction of CO2 (Figure 

1.5). Holes are quenched by water and it plays the role in reducing the electron-hole 

recombination. 

 

Figure 1.5: Schematic diagram for the photogenerated charge carrier for the 

photocatalytics reduction of CO2 

 

The capability of chemical specie to undergo reduction by gaining the electron 

is measured by the reduction potential. Hence, chemical potential decide the fate of 

reduction of oxidation and production of different compounds or fuel occur at specific 

chemical potentials. For the reductions of CO2 in to hydrocarbon, the conduction 

band minimum of the catalyst should be higher enough for the suitable negative 

potential of electrons and for the oxidation of water holes should lie on the lower 

maxima of valance band for positive potential. Equation (1)-(8) represent the different 

routes for the generation of solar fuel by photocatalytics reduction of CO2 with water 

and their respective chemical potential against normal hydrogen electrode at pH 7 [ 

Kubacka, A. et al. 2012]. Photoconversion process initiates by the activation of CO2 

through one electron transfer and development of surface bonded CO2. Equation 1-8 

show that product of photocatalytic reduction of CO2 also depend on the number of 

protons and electrons taking part in the process. 
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Chemical equation Chemical potential 

(V vs. SHE) 

 

CO2 + e¯ → ●CO2¯ -1.49 (1) 

CO2 + 2H+ + 2e¯ → HCOOH -0.61 (2) 

CO2 + 2H+ + 2e¯ → CO + H2O -0.53 (3) 

CO2 + 4H+ + 4e¯ → HCHO + H2O -0.48 (4) 

CO2 + 6H+ + 6e¯ → CH3OH + H2O -0.38 (5) 

CO2 + 8H+ + 8e¯ → CH4 + H2O -0.24 (6) 

2H2O + 4h+ → O2 + 4H+ + 1.23 (7) 

2e¯ + 2H+  → H2 0 (8) 

 

The selectivity of product for the reduction of CO2 is influenced by the 

thermodynamic reduction potential, reaction conditions and photocatalyst. Reduction 

of CO2 involves multi electron and multi proton process. Hence, reaction pathways 

determine the requirement of actual redox potential. The possible path ways for the 

reduction of CO2 into CH4 and CH3OH is reported in literature [Liu, L. et al. 2014; 

Tu, W. et al. 2014]. These pathways illustrate the propagation of process through the 

formation of ●CO2¯ and HCOOH intermediates which convert in to CO. Then, this 

CO convert into the specific product by free radical mechanism or HCOOH convert 

in to the products by glyoxyl path way [Yuana, L. et al. 2015]. But, understanding of 

exact reaction mechanism for the particular product is still in the stage of 

development [Dey,G.R. 2007; Indrakanti, V.P. et al.2009]. 

1.5 Semiconductor mediated photocatalysis 

Photocatalyst act as heart or play the role of key in the whole process. 

Photodissociation of CO2 can only occur by visible or ultraviolet light and neither 

visible nor ultraviolet light alone can excite CO2 as threshold wavelength is 

approximately 90nm (correspondings to 1,330 kJ mol-1) [Shaw, D.A. et al. 1995].  

Thus, utilization of solar energyy, reaching the surphace of thee earth, for the 

photochemical conversion of CO2 and water into carbon based fuel and useful 

products can be achieved by photocatalyst. Researchers are now focusing the use of 

semiconductors as photocatalysts in this technology [Bhatkhande, D.S. et al. 2001]. 

The optical properties of semiconductor are related to the insulator except they show 
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translational and vibrational transitions at longer wavelength. Semiconductor-based 

photoocatalysis is consider as a great potential for pollutions treatment. Since 

photocatallysis is base on the excitatioon of a photocatalyst with irradiaation of light 

energy, at least equal to, that of the band gap (Eg). These photocatalysts are more 

normally called as semiconductors. Upon irradiation to suunlight, the semiconductors 

absorbs photons with adequate energy to create electron hole pairs by injecting 

electrons from the valance band to its condection band. Electronic structure, light 

adsorption ability, charge transport property and excited state life times are the 

characteristic feature of semiconductor photocatalyst. First time, Inoue at al. in 1979 

reported photocatalytic reduction of CO2 with H2O using different semiconductors as 

photocatalysts [Inoue, T. et al. 1979]. After that the interest of researchers has been 

diverted in this field. Efficiency of a photocatalyst depends on the transport of 

photogenerated charge carriers, their recombination, light absorption and mass 

transfer of reductant to catalyst [Koci, K. et al. 2009]. Suitable photocatalyst should 

have following characteristics: 

 Stability against irradiations,  

 It should be non toxic  

 Having suitable band gap to absorb the sufficient light for the generation of 

electron-hole pair  

 Sufficient valance and conduction band potential for reduction of CO2 and 

oxidation of reductant as H2O,  

 High crystallinity 

 Should have large specific surface area for the greater adsorption of reactant 

on the surface catalyst, 

  Lower chance of recombination of photogenerated charge carrier.  

Hence, fabrication of catalyst is always remains a bottle neck for researchers. 

Various metal oxides such as titanium oxide[Mizuno, T. et al. 2008; Tan, S.S. et al. 

2006; Dey, G.R. et al. 2004], Magnesium oxide [Teramura, K. et al. 2004], zirconium 

oxide [Lo, C.C et al. 2007] and non metal oxides such as metal Chalcogenides [Chen, 

J. et al. 2013; Fujiwara, H. at al. 1997], phosphides [ Barton, E.E. et al. 2008],Carbon 

nitride[Huang, Y. at al. 2015], carbides [Inoue, T. et al. 1979] semiconductors has 

been used as photocatalysts for efficient conversion of CO2 in to value added 

chemical fuels. 



 

 15 

1.5.1 Metal oxide semiconductor as photocatalyst for CO2 reduction 

Metal oxide semiconductors are low cost, non toxic, consume low energy, 

have low operational temperature and considerably stable that’s why they seems 

fascinated for the investigators to research. They have wide applications in every field 

such as: photovoltaic [ Blossey, R. 2003] photoelectronic display devices [Bach, U. et 

al. 2002], sensing [Shchukin, D.G. et al. 2001] source of oxygen in organic synthesis 

[Toib, L.T. et al. 2008] precursors for other synthetic materials [Sun, M. et al. 2007; 

Lopez, M.O. et al. 2003; Han, X.F. et al. 2005] time resolved fluorescence label for 

biological detection [Zhang, F. et al. 2010a] andupconversion materials [ Zhang, F. et 

al. 2010b]. Optical properties such as large band gape and highly active ability of 

both oxidation and reduction over their surfaces make them suitable for the catalysts 

and as catalytic support [Lu, M.Y. et al. 2009; Ma, D.K. et al. 2012]. In metal having 

d0 electronic configuration, conduction band originates from the empty 3d orbital 

while filled 2p orbital give raise valance band [Upendra, A. et al. 2010]. Metal oxides 

efficiently drive the photo generated species that carriers charge to the surface site of 

the catalyst for the fuel producing reaction and act as proficient chromospheres.  

Owing to the unique properties the most investigated metal oxide for 

photocatalyst is TiO2. For many years CO2 reduction has cantered around titanium 

oxide because of its potentials abilities but recently family of non titanium metal 

oxide photocatalysts is also developing and updating with the fast advancement in 

photocatalysis.Many non titanium metal oxide photocatalysts such as ZrO2, Ga2O3, 

Ta2O5, SrTiO3, NaNbO3 and BaLa4Ti4O15, etc have been successfully used as 

photocatalyst for the reduction of CO2 in to useful products [Tran, P. et al. 2012; 

Wang, Z.Y. et al. 2010; Wang, C. 2010].  

Photocatalytic reduction of CO2 on zirconium oxide has been done by many 

researchers. Kohno et al. used single ZrO2 and UV light for the reduction of CO2. 

They observed CO as the major product with maximum yield 0.70μmol g-1 [Tanaka, 

T. et al. 2000; Kohno, Y. et al. 2000]. M.N. Ashiq et al. used substituted zirconium 

oxide (SrZrO3) for the photocatlytic reduction of CO2 under UV light with water. 

“Ethanol”, “methane” and “carbon monoxide” were observed as major products with 

maximum yield 41, 2.57, 1.6μmol g-1 [Ashiq, M.N. et al. 2015]. Photocatlytic 

reduction of CO2 in to CH4 with the rate 653 ppmg-1h-1 on NaNbO3 catalyst was 

observed by H.Shi et al [Shi, H. et al. 2011a]. Highly porous Ga2O3 acts as highly 
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efficient photocatalyst for the reductions of CO2 in to solar fuel [Park, H. et al. 2012].  

K. Li et al. reported the potential photocatalytic activity of solovothemally 

synthesised nanoplates of KTaO3 for the photocatlytic reduction of CO2 with water as 

a reductant. [Li, K. et al. 2013]. Graphene based Ta2O5 show tremendous photo-

catalytic activity undeer vissible light for the photocatalytic reduction of CO2 [Lv, X. 

et al. 2013]. Doping of rare earth element in metal oxide show visible light activity 

[Magesh, G. et al. 2009]. 

Among rare earth elements Cerium oxide is widely as fuel cells and in 

pollution control application due to its unique 4f electronic configuration, redox 

behaviour, oxygen defects and catalytic activity [Song, S. et al. 2007; Xie, Y.G. et al. 

2005]. R. Saravanan et al. use CeO2 for the degradation of methylene blue that is an 

important and hazardous textile dye [Saravanan, R. et al. 2013]. 

1.5.2 Non metal oxide photocatalysts (Metal Chalcogenides) 

Transition metal chalcogenides are semiconductor in nature. They have 

excellent properties such as: high absorption coefficient, tuneable band gap according 

to size, narrow band gap to utilize 45% of the solar spectrum [Contreras, M.A. et al. 

1999]. Metal chalcogenides are widely used in lumiscences [Acharya, S. et al. 2008], 

biological labelling [Bang, J.H. et al. 2008], electronics [Podborska, A. et al. 2009], 

photoelectronics [Wang, X.F. et al. 2008], electrochemiluminescence [Yu, S.H. et al. 

1998]. Metal oxides are mostly wide band gap materials and have ability to absorb 

UV light which is only 4% of the solar spectrum [Yu, J. et al. 2014]. Large band gap 

limits their use in practical applications [Wang, C. et al. 2010; Yu, G. et al. 2013]. In 

order to utilize maximum portion of solar spectrum narrow band gap materials used 

such as metal Chalcogenides. CoTe and ZnTe have been efficiently employed for the 

photocatalytic reduction of CO2 into methane (5μmol/g - 10μmol/g) under visible 

light with H2O as reductant [Ehsan, M.F. et al. 2015a; Khan, M.S. et al. 2014]. 

Among various Chalcogenides, metal sulphides have very suitable band gap 

and high catalytic activity [Xiang, Q.J. et al. 2013; Zhang, J. et al. 2012]. They are 

excellent candidates for visible light photocatalysis. ZnS [Piret, F. et al. 2009], In2S3 

[Liu, G. et al. 2011], CdS [Li, X. et al. 2011], Bi2S3 [Wu, Z. et al. 2013], Ag2S [Fang, 

X.S. et al. 2011], CuS [Zhang, H.L. et al.  2013; Zhang, J. et al. 2011] and etc are 

extensively used as catalyst for photochemical reaction. Gao, C. et al. observed better 

photocatalytic activity by utilizing Composite of In2S3 with TiO2 for the 
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photodegradation of a textile hazardous dye: methylene blue, under visible light  

[2010].  

CdS and ZnS have been efficiently used for water splitting by many 

researchers [Huang, L. et al. 2013; Thibert, A. et al. 2011]. Many investigators have 

been success fully employed Bi2S3 and CdS as catalyst for the photo catalytic 

reduction of CO2 [Chen, J. et al. 2013; Eggins, B.R. et al. 1998; Li, X. et al. 2011]. 

Xin. Li and his co workers performed photocatalytic reduction of CO2 to methanol 

using CdS(Bi2S3)/TiO2 catalyst under visible light [Li, X. et al. 2012a]. Dimeric and 

tetrameric products such as oxalate, glyoxylate, glycolate and tartrate in the 

photocatalytic reduction of CO2 over aqueous CdS and ZnS colloids has been 

observed by Eggins, B.R. et al [1998] 

1.6 Efficiency limiting factors of photocatalytic reduction 

of CO2 

Even though, Photocatalytic reduction of CO2 shows great potential in solving 

energy and environmental issues and an emerging field of research still its major 

drawback is its low conversion efficiency which needs to be overcome. The main 

factors which limit the photocatalytic efficiency are given as [Lia, K. et al. 2014; 

Izumi, Y. 2013]: 

 Low absorption ability of semiconductor or mismatching between  the band 

gap of semiconductor and solar spectrum 

 Poor Photogenerated charge separation ability 

 Low solubility of CO2 in water 

 Competition reaction of water reduction to H2 

1.7 Ways to solve efficiency problem 

Different strategies have been developed to overcome these key problems 

related to photocatlytic reduction of CO2. Unfortunately very little research has been 

done to solve the competition issue of H2O reduction with CO2.  But, it is generally 

agreed that selection of proper co-catalyst and acidic surface site can suppress the 

chance of reduction of H2O in to H2 in comparison with CO2. Moreover, work under 

gas phase in the absence of inert gas, electrons with appropriate reduction potential 

and continuous flow of CO2 promote the photocatlytic reduction of CO2 over H2O 

[Neatu, S. et al. 2014].  
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1.7.1 Strategy to overcome CO2 solubility related issue 

Photocatalytic reduction of CO2 is also limited by its low solubility of in 

water. One strategy to overcome this problem is to provide basic media. It is reported 

by researchers that basic media such as NaOH not only increase the solubility of CO2 

but promote the longer decay time of electrons [Koci, K. et al. 2008]. On the other 

hand basic media is not advantageous because the real species in basic media would 

be carbonate or bicarbonate and reduction of these species is much more difficult than 

that of CO2. It is believed generally, by changing the arrangement of atoms on the 

surface absorption of CO2 molecules can be controlled and particular product can be 

attained [Lia, K. et al. 2014]. Hence, In order to address the solubility problem 

reaction selectivity is controlled by crystal structure engineering: introducing new 

reaction sites, modification of catalyst morphology and changing exposed facets.  

             (i) Photocatalyst morphology modification: Photocatalytic activity is 

directly related to the electrical, optical properties of surface and adsorption 

behaviour of catalyst. These properties can be tuned by crystal structure engineering 

which than strongly influence the photocatlytic efficiency [Selloni, A. et al. 2008]. 

For instance rate of CO2 photoreduction into C2H5OH on monoclinic sheet like 

BiVO4 is higher than that of tetragonal rod like BiVO4 where oxygen was observed as 

major product [Liu, Y. et al. 2009]. This behaviour was due to more asymmetrical 

distribution of Bi+3 ions on sheet like BiVO4 which play a key in chemical adsorption 

of CO2 as carbonate on the sheet like surface [Chen, D. et al. 2015]. Similarly, 

dramatic difference in product selectively has been observed when two different 

morphologies of Cu2O is compared by A.D. Handoko et al [Handoko, A.D. et al. 

2013].  

 Li et al reported that cubic NaNbO3 show twice higher photoreduction 

efficiency for CO2 than that of orthorhombic NaNbO3 [Li, P. et al. 2013a]. Yan, S. et 

al demonstrated that nanorods of Zn2GeO4 with steps show avidity towards H2 

production during photoreduction process while nanorods with blind holes preferred 

CO2 reduction due to higher CO2 adsorption capacity and surface area [Yan, S. et al. 

2011]. More recently S. Xie et al prepared SrNb2O6 nanoplates which show high 

selectivity to CO2 reduction into CO andCH4 in comparison with H2O reduction to 
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H2. Transient photocurrent response calculations suggest that this preferential higher 

activity is due to nanoplate morphology [Xie, S. et al. 2015]. 

 Further investigation on  the role of CO2 adsorption in photocatalytic 

reduction establish that porous morphology enhance the adsorption ability of 

photocatalyst and the increase the rate of CO2 reduction into hydrocarbon. Porous 

Ga2O3 show 300% times higher adsorption capacity of CO2 that bulk material and 

hence show improved photocatalytic reduction of CO2 [Park, H.A. et al. 2012]. J. 

Nunez et al prepared ZnO spheres with mesoporous voids for photocatalytic 

reduction of CO2 Which show higher photocatalytic activity than non porous ZnO 

[Nunez, J. et al. 2013]. According to Yan, S. et al superior performance of modified 

ZnAl2O4 basically attributed to chemically adsorbed CO2 in the form of carbonates, 

increase mass transport and narrow band gap [Yan, S. et al. 2012]. 

Recent studies show that three dimensional hierarchical photocatalysts such 

as: nanowire forests [Ko, S.H. et al. 2011], core shell [Xi, G. et al. 2012], microclews 

[Hwang, Y.J. et al. 2012; Gui, M.S. et al. 2011], flowers [Duan, J. et al. 2012; Wang, 

Z. et al. 2013], urchin like heteroarray [Barpuzary, D. et al.  2011], microspheres and 

hollow microspheres [Ehsan, M.F. et al. 2015a; Dong, F. et al. 2011], hollow 

dendrites, spheres and dumbbells [Chen, D. and Ye, J. 2008] exhibit novel properties 

to optimise photocatlytic performance. Self assembbly of nanoscaale building blocks 

(nano-sheets, nano-rods, nanoflakes and etc) via hydrothermal method give raise such 

novel morphologies [Hou, J. et al. 2012; Khan, Z. et al. 2012]. Higher photoreduction 

efficiency of such complex architecture is due to high surface area, pore-

interconnectivities than that of nonporous counterparts or nanoparticulates [Parlett, 

C.M.A. et al. 2013]. Network of pores not only enhance the surface area for the 

adsorption of CO2 but also accelerate the diffusion of product from the active centres 

[Yu, J. et al. 2008].  

(ii) Changing exposed crystal facets: Photocatalysis is also strongly 

influenced by the crystal facets of semiconductor catalyst as physical and chemical 

properties of single crystal are sensitive to crystallographic entities [Selloni, A. et al. 

2008]. Hence, photocatalytic efficiency can be controlled or improved by changing 

the exposed crystal facet. Different crystal structures leads to different selectivity of 

CO2 adsorption and activation. For instance, Photocatalytic reduction by Cu2O is 

shifted from H2 (water splitting) to CO (CO2 reduction) by controlling the exposed 
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facet from high index facets {111} to low index facets {100} due to the promotion of 

CO2 adsorption[Handoko, A.D. et al. 2013]. Ohno et al reported that large proportion 

of {210} exposed facet of TiO2 nanorod possessed higher photocatalytic reduction 

efficiency for CO2 [Ohno, T. et al. 2014]. It is reported in literature that high energy 

(001) facets exposed surface is more reactive and photoreduction and photoxidation 

follow the order (001) < (101) <(010) [Wang, W.S. et al. 2012]. TiO2 with (010) 

exposed surface show higher efficiency for photoreduction of CO2. This enhance 

activity was due to (010) facets which promote the CO2 adsorption [Indrakanti, V.P. 

et al. 2008]. Similarly, Ehsan, M.F. et al observed that composite of ZnO/ZnTe with 

(002) ZnO facet show higher photocatalytic activity for CO2 reduction in to methane 

than that of (100) exposed facet [Ehsan, M.F. et al. 2015b]. 

(iii) Introducing new reaction site: Co- catalyst loading on the surface and 

increment of surface area of the catalyst introduce new reaction site which enhance 

the photocatalytic activity. The choice of Co-catalyst is crucial. It is reported in 

literature that some co-catalysts are particularly active for CO2 reduction while some 

for water reduction. Ag and Cu as cocatalyst increase the efficiency of catalyst for 

photoreduction of CO2 into hydrocarbon [Zhang, Q. et al. 2012] while Au and Pt are 

favourable for H2 production [Li, K. et al 2013]. Double layered hydroxides are solid 

bases. Strong and tuneable basecity provide good CO2 adsorption ability [Ahmed, N. 

et al. 2011]. Recently, the work on Zn/Ti or Zn/Ce double layer hydroxide show 

higher absorption ability of CO2 resulting higher photocatalytic activity [Sastre, F. et 

al. 2012]. Young’s group has synthesised TiO2 nanotubes network films. Amorphous 

MgO particles were decorated on the films, which enhance the CO2 photoreduction 

ability of catalyst. It is believed that MgO increase the CO2 adsorption on the surface 

by creating magnesium carbonates species on the surface and thus, increase the CO2 

methanation [Li, Q. et al. 2014a & b].  

Practical size of the material has huge effect on the physiochemical and 

optoelectronic properties. Efficiency of the photocatalyst is highly affected by the 

particle size of the materials. Nano sized quantum confined semiconductor exhibit 

unique properties such as: considerably large extinction co-efficient and longer 

excitation life time, large surface area [Koci, K. et al. 2009]. Small sized particle 

show enhanced photocatalytic efficiency towards photoreduction of CO2 by providing 
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more active reaction site for CO2 adsorption and shorter transfer pathway for charge 

carrier to reach catalyst surface.  

Nanostructure materials with unique morphology such as: nanorods, 

nanowires, nanotubes, etc., have been highly investigated for photocatalytic activity 

in recent years [Tong, H. et al. 2012; Chen, X.B. et al. 2012; Feng, S. et al. 2014; Shi, 

H.F. et al. 2011b]. Koki, K. et al observed high yield of methane for the photocatlytic 

reduction of CO2 on the 14nm sized particles of TiO2. High yield of product was due 

to high surface area, charge carrier dynamics [Koki, K. et al 2009]. Zau et al 

fabricated ZnGeO4 ultra long nanoribons of ca 7nm thickness. These ultra thin and 

long nanoribbons exhibit higher photocatalytic activity and observed higher yield of 

CH4 by the photoreduction of CO2 with H2O due to rapid transport of charge carriers 

[Zau, et al., 2010]. 2-3 nm thick In2Ge2O7 nanowires exhibited higher photoreduction 

ability for CO2 in to CO and O2 in the presence of H2O vapour [Liu, Q. at al. 2012a].  

Visible light conversion of CO2 into CH4 was reported by Chen, X. et al on 4-

5nm thick ultra thin sheets of WO3 with (001) facets[Chen, X. et al. 2012]. Y.P. Sun 

et al. fabricated surface functionalized small carbon nanoparticles for harvesting 

visible light to photoreduce CO2 into formic acid more efficiently. More recently Li, 

P. et al [2013], fabricated one dimensional Fe2V4O13 nanoribbons array on a stainless 

steel mash. These nanoribbons showed excellent photoredution ability towards the 

reduction of CO2 under visible light owing to narrow band gap and high surface area 

for adsorption of CO2[Li, P. et al., 2013]. 

Contrary to above observation Lin et al observed decline in photocatalyti-c 

activity due to natural tendency of agglomeration of nanoparticles (less than 14nm 

particle size) which reduce the availability of surface active sites and fast 

photgenerated charge carrier [Lin, H. et al. 2006]. By decreasing the size of particle 

valance band maxima is decreased and conduction band minimum become higher 

leading to enchantment of band gap of semiconductor. On decreasing particle size the 

band gap of the semiconductor becomes larger [Koci, K. et al. 2009]. As the result 

photocatalyst could not perform efficient work under major portion of solar spectrum 

but on the other hand oxidising and reducing ability become stronger with increasing 

the band gap of semiconductor [Li, H. et al. 2011]. Hence, suitable size of the 

photocatalyst is required for maximum efficiency of the catalyst. 
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1.7.2: Ways to improve photocatalytic performance of  

semiconductors 

Although, a large variety of semiconductors show great potential for 

photocatalytic reduction of CO2 but, Low absorption ability of semiconductor and 

poor photogenerated charge carrier separation ability are the factors which limit the 

efficiency of semiconductor photocatalyst. Being a heart of Photocatlytic system, lot 

of investigation has been conducted to design suitable photocatalysts. Such 

photocatalysts have large absorption range and co-efficient for proper harvesting the 

major portion of solar spectrum (visible region 43%). It have ability to restrain the 

recombination of photogenerated charge carriers by enhancing the time of 

recombination which is 10-9 s than that of chemical reaction time (10-8 to 10-3) [Shen, 

S. et al. 2011; Fan, W. et al. 2013].  

An over potential is necessary as driving force for transportation of 

photogenerated charges and reaction. Thus, practical requirement for the production 

of desired product is greater than theoretical values [Liao, P. et al. 2013]. Comparison 

of photocatalytic activity of different catalyst is difficult due to limitation of different 

synthetic routs, and test conditions. However, Based on the above mentioned limiting 

parameters, low efficiency for photocatalytic reduction of CO2 is overcome by 

exploring or designing more efficient photocatalysts from the points of  not only high 

adsorption ability of CO2 but also light harvesting and charge carrier separation 

boosting. 

(i)  Light harvesting engineering     

Higher absorption of light with wider wavelength is crucial requirement of an 

efficient photocatalyst. Solar energy that reached on the earth has major portion of 

visible radiations. Only 4% of solar spectra have UV region and 40-45% is visible 

region [Lia, K. et al. 2014].  Most of the metal oxide semiconductors including 

widely researched TiO2 are wide band gap catalyst having band gap more than 3eV 

which limit their CO2 photoreduction ability under UV light. Hence, to construct a 

photocatalyst which can work under visible light by absorption of major portion of 

solar spectrum and have high enough conduction band is the main goal of research in 

this field. Several strategies can be considered so far to enhance the light harvesting 

ability of inorganic semiconductors. 
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(a) Formation of Solid solution: Efficient fixation of CO2 under visible light 

can be achieved by the formation of solid solution which performs better 

than that of single components. Band gap of solid solution become narrow 

via uplifting of valance band maxima and downshift of conduction band 

minimum by p-d repulsion and catalyst harvest visible portion of light 

efficiently. Liu, Q. et al fabricated series of (Zn1+xGe)(N2Ox) solid 

solution. Among which Zn1.7GeN1.8O solid solution loaded with 1 wt% Pt 

and 1 wt% RuO2 as co-catalyst with band gap 2.6eV give highest yield of 

product from the photoreduction of CO2 under visible light of wavelength 

of 420nm ± 15nm. Narrowing of band gap occur due to uplifting of 

valance band maxima by the N2p and Zn3d orbital repulsion[Liu, Q. et al. 

2012b]. CuxAgyInzZnkS solid solution modified with RuO2 co-catalyst 

with band gap less than 2eV show efficient photoreduction of CO2 into 

CH3OH under visible light irradiation [Liu, J.Y. et al. 2011] 

(b) Cation and anion doping: Band gap of the metal oxide semiconductor 

can be reduced by adding extra energy level in the gap region below the 

conduction band or above the valance band to harvest visible portion of 

light. Doping is most commonly used method to reduce the band gap of 

semiconductor. Doping can be done by introducing anion or cation by sol 

gel method or precipitation.  

Doping of cations such as Cu, Ni, Ag, and Ce in to large band gap 

semiconductor such as TiO2 not only create an extra energy level within 

the band gap just below the conduction band to harvest visible light but 

also influence interfacial electron transfer rate and recombination rate of 

photogenerated charge carriers [Wang, W.N. et al. 2011; Richardson, P.L. 

et al. 2012, Fan, J. et al. 2011; Ong, W.J. et al. 2013, Zhao, C.Y. et al. 

2012; Krejcikova, S. et al. 2012]. Zhao, C.Y. et al [2012] doped Ce into 

TiO2 which outperformed for the photocatalytic reduction of CO2 than 

pure TiO2. The redox coupling of Ce3+/Ce4+ in the TiO2 efficiently activate 

CO2 and H2O by separating interfacial electron-hole pair.  

Koci et at [Koci, K. et al 2010] fabricated silver doped TiO2 with 

different concentration of Ag (1-7 wt%Ag) for photocatalytic reduction of 

CO2 via sol gel method. It is reported that up to 5wt% Ag loaded TiO2 

show enhancing trend of utilizing visible light for the generation of more 
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electron-hole pairs. While, in the photocatalyst having more than 5wt% 

Ag separation, a shottky barrier at metal semiconductor interface around 

the Ag metallic cluster formed which facilitate electron hole pair 

separation. 7wt% Ag loaded TiO2 showed maximum yield of CH4 and 

CH3OH by photocatalytic reduction of CO2. 

Doping of anion such as “N” in particular, C and some halogens (F, I) 

make large band gap semiconductor visible light active by creating a new 

energy level just above the valance band. Generally it is believed that 

depend anion partially replace oxygen in metal oxide to raise the valance 

band maxima and wider the range for absorbed solar light. N- doped TiO2 

nanotubes were synthesized by Zhao, Z. et al [2012] via hydrothermal 

method and applied for the photocatalytic reduction of CO2. It is reported 

that owing to partially substitution of lattice “O” by “N” atom, “N” doped 

TiO2 become active for visible light and yield higher amount of product 

(HCOOH, HCHO, CH3OH, etc.) from photoreduction of CO2.  

Anion doping is more favourable than cation doping owing to the 

formation of fewer recombination centres [Zhang, Q. et al. 2011; Fan, W. 

et al. 2013; Shen, S. et al. 2011]. Suzuki, T.M. et al [2012] prepared 

visible light active N-doped Ta2O5 p- type semiconductor with spherical 

morphology. 5wt% “N” loaded Ta2O5 with “Ru” complex electrocatalyst 

exhibited high efficiency for the photoreduction of CO2 selectively in to 

formic acid. 

All most all of the above reported work related to doping show that an 

optimum concentration of dopend can perform or give high activity. 

Higher concentration then optimum amount of doping level further 

reduces the photocatalytic activity as observed by Li, Y. at al. Hence 

reproducibility of photocatalytic activity due to the creation of new 

recombination centres is the main drawback of this technique [Chen, X. et 

al. 2007; Zhang, Q. et al. 2011; Fan, W. et al. 2013].  

(c) Sensitization of photocatalyst surface: The other way to improve light 

harvesting property is to sensitize the wide band gap semiconductor with a 

photo sensitizer having high absorption spectrum in visible and IR region 

and long life time excitation [Chen, X. et al. 2007; Gratzel, M. et al. 2000; 

Kumar, S.G. et al. 2011]. Most commonly used photosensitizers are 
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narrow band gap quantum dots (PbS, CdSe and etc) [Wang, C. et al. 

2009], organic molecules such as dyes (rhodamine B, porphyrins, 

thionine, rose bengal, erythrosine B etc) [Cho, Y. et al. 2001; Ross, H. et 

al. 1994; Mele, G. et al. 2002] and noble metals [Hou, W. et al. 2011b; 

Maeda, K. et al. 2013]. 

Photosensitization of catalyst make possible by transfer of electron 

from the higher energy level of sensitizer to the lower conduction band of 

large band gap semiconductor photocatalyst as illustrated in figure 1.6 

[Hunt, A.J. et al. 2010; Abou Asi, M. et al. 2011]. C.Wang et al [2011] 

reported ca 5 times higher CO2 photoreduction rate for PbS quantum dots 

sensitized TiO2 than unsensitized TiO2 under visible light. The enhanced 

photocatlytic activity of sensitized TiO2 was attributed to fast electron 

injection rate from PbS to TiO2 and strong electronic coupling. Similar 

sensitization with organic molecules such as organic dyes proved to be 

highly efficient for harvesting visible light but their major drawback is 

instability. However, dyes comprises of transition metal complexes with 

organic ligands are comparatively stable [Neatu, S. et al. 2014].  

 Metal polypyridyls such as ruthenium tris(bipyridyl), porphyrins and 

metal phthalocyanines are most commonly researched for harvesting 

visible light [Miranda, M.A. et al. 1994; Qin, G. et al. 2013]. Yuan, Y.J. et 

al [2012] reported high efficiency for the photoreduction of CO2 into CH4 

by utilizing air stable Cu (1) complex dye as sensitizer over TiO2. The 

efficient visible light harvesting (λ> 420nm) ability was facilitate rapid 

electron injection into conduction band of TiO2. 
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Figure1.6 Symbolic representation of sensitization of large band gap semiconductor 

by photosensitizer 

Full spectrum in sunlight for light energy is efficiently harvest by surface 

Plasmon resonance (SPR) on the metal loaded photocatalyst. For example TiO2 co-

decorated with “Au” and “Pt” plasmonic photocatalyst efficiently reduce CO2 into 

hydrocarbon fuel by utilizing visible light. Higher rate of formation of product was 

owing to the synergy of electron sink function of “Pt” and SPR caused by “Au” 

nanoparticles on upon irradiation which could excite photogenerated charge carrier on 

the TiO2 with reasonably higher rate than common incident light [ Maeda, K. et al. 

2013] 

(ii) Charge carrier separation boosting 

Apart from proper light harvesting problem, recombination of photogenetrated 

charge carrier within nanosecond before the chemical reaction is the main issue which 

limit the photocatalytic activity of any semiconductor. Efficiency of catalyst to utilize 

solar energy is seriously reduced due to this phenomenon. Researchers adopted 

different ways to overcome this recombination issue. Some of them are given here. 

(a) Utilization of Layered structured photocatalysts:Layered 

semiconductors have been considered a good solution for the 

improvement in charge carrier separation and charge transfer for various 

photocatalytic applications. Development of lamellar niobates, titanates, 

metal sulphide such as bismuth sulphide for photocatalyst have been 
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focused for many years [Kim, T.W. et al. 2008; Kim, T.W. et al. 2007; 

Wu, J. et al. 2007; Li, X. et al. 2008]. 

Li et al [2012] synthesized nanobelts of KNb3O8 and two dimensional 

anion layered HNb3O8 via hydrothermal method using Nb2O5 as precursor 

and P123 Pluronic as surfactant. They observed that layered niobates 

showed high photocatalytic efficiency towards the reduction of CO2 into 

CH4 by water vapour and UV irradiation within the sealed quartz tubular 

reactor than irregular particles[Li, et al., 2012]. Such enhanced activity 

was reported owing to efficient charge carrier migration to the nanobelt 

surface of photocatalyst. 

(b) Semiconductor coupling: A hybrid photocatalyst is resulted by coupling 

semiconductor with electron donor or acceptor as an efficient charge 

carrier component such as metal oxide or metal chalcogenides. 

Physiochemical or optical properties of the parent active phase is 

dramatically improved by formation of hierarchical architectures, higher 

dispersion of active centres or novel band strategy. Two different band gap 

semiconductors with different valance and conduction band positions can 

be combined in such a way to give direct Z-scheme (type II band 

structure) or indirect Z-scheme.Direct Z Scheme offers injection of 

electron and hole to conduction band and valance band of different 

semiconductor for special charge localisation [Chen, D. et al. 2015].  

In type II band structure when light is absorbed by small band gap 

material, interparticle transfer of electron take place by transfer of 

electrons from the semiconductor with higher Fermi level to the one with 

lower Fermi level in order to balance the Fermi levels (Figure 1.6 & 1.7) 

[Sigmund, W. et al. 2008].  

It is reported that injection of electron and hole and their direction is 

governed by the Fermi levels and band gap combination of 

semiconductors [Sigmund, W. et al. 2008]. Lower Fermi level 

Semiconductor becomes enriched with the electrons while the other higher 

one with positive charge specie i.e. holes. Such combination of 

semiconductors also called a heterojunction type photocatalyst which not 

only maximizes the photoinduced charge carrier but also the band width in 

visible region as well and ultimately enhances the photocatalytic activity 
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of the photocatalyst [Xie, S. et al. 2013; Wang, P.Q. et al. 2012a; Tu, W. 

et al. 2013]. 

 

 

Figure.1.7: Schematic illustration of charge transfer in heterojunction type composite 

semiconductor photocatalyst 

 

Different heterostructures hybrid system have been developed for the efficient 

conversion of CO2 in to value added fuels such as TiO2/ZnO [Xi, G.C. et al. 2011], 

Bi2S3/CdS [Li, X. et al. 2011], CdSe/Pt/TiO2 [Wang, C. et al. 2009], Bi2S3/TiO2[Li, 

X. et al. 2012]. Abou asi, M. et al .[2011] fabricated Photocatalyst composite of AgBr 

and P25 using CTAB as a surfactants. The nanocomposite of well defined AgBr 

nanoparticles decorated on TiO2 surface exhibit excellent photocatalytic efficiency 

for the reduction of CO2 under visible light as compared to single AgBr. CH4 was 

observed as major product along with CH3OH, CH3CH2OH and CO under high 

pressure of CO2 (7.5 MPa). Such enhanced activity was attributed to visible light 

excitation of AgBr and electrons transfer from conduction band of AgBr to TiO2 with 

attendant charge separation [Abou asi, M. et al., 2011].  

Truong, Q.D. et al [2012] reported maximum yield of Methanol from the 

photocatlytic reduction of CO2 by using bicrystalline anatase-brookite crystal. Such 

high efficiency was ascribed to exclusive structure of band and efficient charge 
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transfer. Ehsan, M.F. et al [2015] synthesised hybrid flower like microcomposite of 

ZnTe/ZnO via one pot hydrothermal method. ZnO/ZnTe composite showed high 

efficiency for the photocatalytic reduction of CO2 into CH4 under visible light 

(λ≥400nm) with water. 356.51μmolg-1 yield of CH4 was attributed to high to 

formation of heterojunction which facilitate efficient charge transfer to the surface 

and separation of photogenerated charge carrier. Similarly photocatalytic efficiency 

of Cu2O/TiO2 hollow nanospheres composite for the reduction of CO2 into CH4 is 

comparatively greater than that of single Cu2O catalyst due efficient separation of 

photogenerated charge carrier under visible light [Bi, F. et al. 2014]. More recently 

He and co workers fabricated photocatalytic composite, Ag3PO4/g-C3N4, for the 

reduction of CO2 under solar light. The observed rate for the photocatalytic 

conversion of CO2 in to fuels (CH3OH, CO, CH4, CH3CH2OH) under visible light 

was 57.5μmolg-1 h -1. The high efficiency was proposed owing to formation of 

heterojunction which facilitate efficient photogenerated charge separation by Z-

mechanism [He, Y. et al. 2015].  

Chadimkhani et al reported Photoelectrocatalytic reduction of CO2 into 

CH3OH using coreCuO-shellCu2O thin film nanorods under solar light without co-

catalyst. The out performance of such hybrid catalyst is due to coupling of small band 

gap semiconductors that can capture large fraction of visible region of light and 

transfer of photogenerated electron from the conduction band of Cu2O to the CuO 

core [Ghadimkhani, G. et al. 2013] Q. Zhai and co-workers [Zhai, Q. et al. 2013] 

designed Pt@Cu2O core shell co-catalyst loaded on TiO2 and applied for 

photoreduction of CO2 under water. High efficiency of core shell composite for the 

reduction of CO2 into CH4 and CO is purposed owing to providing new active sites 

for the activation and conversion of CO2 molecules by Cu2O shell and extraction of 

photogenerated electron from TiO2 by Pt. 

1.8 Stability of photocatalyst. 

Long time performance and stability of the photocatalyst is another issue 

related to the performance and effect the engineering aspect and economy of the 

process. Unfortunately, there are several reports that touch this important issue. While 

Working on GaN:ZnO for the long time, T. Ohno and co worker reported that 

performance of catalyst for the evolution of H2 remained as such during the first 3 

month but photocatalytic activity decrease after 6 month due to degradation of 
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semiconductor and loss of co-catalyst [Ohno, T. et al. 2012]. Report on the rate of 

photocatalytic reduction of CO2 reviled that yield of CO and CH4 goes through a 

maximum value in 5 hour of irradiation and then progressively decline due to 

saturation of adsorption site but the photocatalytic activity can be sustainably retained 

after the exposure of catalyst in air without further treatment [Li, Y. et al. 2010]. 

More research and technology to required for understanding the decline of activity at 

molecular level and then resolve the stability problem according to it. 
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RESEARCH SCOPE AND 

OBJECTIVES 

 

As, it has already been discussed in the introduction part that utilization of 

CO2 as feedstock via photocatalytic reduction of CO2 with water in to the energy 

bearing products (CH4, CH3OH, CO etc) in the presence of Visible light is an 

emerging area of research in order to overcome the problem of energy crises and 

environmental issue related to global warming. Since the last few decades, scientists 

and researchers are trying to improve this technique to obtain reliable fuel. Still, the 

research related to this technique is in its embryonic stage and different approaches, 

reaction pathways, different parameters and mechanisms are under investigation.  

The scope of this work is try to solve the issues related to the environment and 

foreseen energy crisis by means of Visible light photoreduction of carbondioxide over 

different type of semiconductor based photocatalysts. 

The main objective of this research work is based on two following 

approaches: 

Investigate new formulation and assembly of stable photocatalyst that can 

give better efficiency in the photoreduction of CO2 with water under visible light. 

Apply fabricated photocatalyst for the reduction of CO2 in order to solve 

environment and energy related issue. As it is the only plausible way to provide 

sufficient energy generation for future demand and reduction the risk of CO2 

emission. 

Metal sulphides are potential visible light driven photocatalysts due to their 

narrow band gap and feasible positions of their conduction band [Yu et al. 

2012;Xiang et al. 2013]. Among them, CdS and Bi2S3 are widely used  materials as 

photocatalysts.  In order to improve photocatalytic efficiency of photocatalysts 

various ways have been adopted but the use of composite of metal Chalcogenides 

with rare earth metals has attracted attention of researchers owing to their unique 

catalytic properties. 

Similarly metal oxide semiconductors and vanadates exhibit effective 

electronic properties, which enable them to act as outstanding photocatalysts. Various 
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metal oxide semiconductors have been used as photocatalysts for the reduction of 

CO2 especially TiO2.  Apart from TiO2, CeO2 andCdV2O6 are good semiconducting 

photocatalysts. However, to the best of our knowledge, work related to photocatalytic 

reduction of CO2 on vanadates has not been reported. CeO2 has most of the properties 

that match with TiO2. So to enhance photocatalyst response in visible light, to 

minimize photogenerated electron-hole recombination and increase the stability, 

CeO2 is to be combined with narrow band semiconductors such as Bi2S3 and CdS and 

vanadate combine with CdS. 
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EXPERIMENTAL DETAILS 

This Chapter include synthetic procedure, characterization techniques and 

technique for the evaluation of photocatalytic activity using in this work. 

2.1: Synthetic routs for photocatalysts 

Application of nanomaterials is the becoming significantly distinctive in the 

modern research and technology owing to ease and adding new functions in existing 

commercial product. Important physiochemical properties of the nanomaterials 

(crystalline structure, size and shape) can be tuned according to the requirement in the 

different application fields such as: catalysis, electronic devices and medicines. 

Synthesis approach or fabrication routs have direct effect on the properties on 

nanomaterials. Broadly speaking, generally nanomaterials can be fabricated by 

adopting following two categories. 

2.1.1 Top down approach 

Top down approach related to the braking down of bulk material in to small 

nanosized materials (Figure 2.1). This approach use large externally controlled 

devises for the synthesis process. Size and structure of the nanomaterials is controlled 

by external devises. Typical examples of this process include masking and ball 

milling [Yadav, T.P. et al. 2012], mechanical processing and leaching. But by nature 

this approach is costly, slow and not suitable for large scale production. 

2.1.2 Bottom up assembly 

In bottom up approach the building blocks are atoms or molecules, 

nanoplates, nanoparticles or nanorods (Figure 2.1). These small particles self 

assembled or nucleate to give nanomaterial or superstructures having high order 

hierarchical morphology with well defined properties. Bottom up approach is 

comparatively less expensive and of significantly important and popular in material 

synthesis and nanodevice engineering [Cheng, H. et al. 2012].  
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Figure 2.1: Schematic diagram for the top down and bottom up approach 

 

Bottom up approach associated with the condensation of atomic scale or very 

small particles in liquid/gas phase. On the bases of phase this approach can be 

classified into following categories: 

 Liquid-phase synthesis 

 Gas-phase synthesis 

 Vapour-phase synthesis 

The present discussion is related to liquid-phase synthesis in which atomic or 

molecular entities assemble in form of solution. Liquid-phase synthesis can be carried 



 

 44 

out by different techniques such as, hydrothermal/solvothermal [Cheng, H. et al. 

1995], sonochemical [Xu, H. et al. 2013], microemulsion [Ashiq, M.N. et al. 2011], 

combustion [Kitamura, Y. et al. 2007], sol-gel processing [Watson, S. et al. 2004], 

etc. 

(i) So-gel processing: In this technique of alkoside use as based 

precursors.  It involves condensation of precursors. The liquid phase 

called “sol” and solid phase called “gel”. Transition from initial liquid 

stage to the solid stage occurs and final product obtained after 

annealing whose size distribution depends on the reaction condition 

[Burda, C. et al. 2005]. The efficiency and effectiveness of this 

technique is limited due to the long time associated with drying of the 

gel. 

(ii) Combustion method: In Combustion synthesis solution is heated 

rapidly at high temperature 〜650˚C in the presence of redox group 

[Carp, O. et al. 2004]. The resultant nanoparticles are highly 

crystalline and posses large surface area [Nagaveni, K. et al. 2004 a & 

b]. 

(iii) Microemulsion technique: It is thermodynamically stable and 

involves dispersion of two immiscible liquids such as oil and water 

isotropically. The immiscible liquids consist of microdomains. 

Microemulsion is maintained by the interfacial film or surface active 

molecules. Mostly metals and semiconductors with small size 

distribution have been synthesised by this techniques over past two 

decades. 

(iv)  Sonochemical method: In this method ultrasonic waves are used to 

form spots of high temperature above 5000K, high pressure above 

1000atm and heating, cooling rates around 1010 K.S-1[Suslick and 

Flannigan, 2008; Suslick, K.S.1990]. These conditions are associated 

with the synthesis of nanomaterials from volatile to non-volatile 

precursors. This technique is distinctive synthetic approach from other 

conventional synthetic methods [Suslick and Price 1999; Bang and 

Suslick, 2010; Suslick, K.S. 1989]. 
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(v) Hydrothermal method: Hydrothermal method is defined as the 

method for the synthesis of material under high temperature and 

pressure in the presence of water. According to Byrappa, hydrothermal 

method is a heterogeneous chemical reaction in aqueous solvent. There 

is no limit for the exact temperature and pressure for this method. 

Hydrothermal method can be described as the heterogeneous chemical 

reaction carried out in the presence of aqueous or non aqueous solvent 

in a closed system at high temperature and pressure. Almost all the 

inorganic materials solubilise in water and then particular products 

recrystallize from fluid.  

 Water play very important role in this technique due to 

different structure of water and different chemical properties of 

material soluble in water at elevated temperature. Nucleation rate and 

size distribution can be controlled by different reaction conditions like 

as temperature, concentration of precursors and for time. Synthesis of 

material in laboratory occurs in autoclave that is capable for sustaining 

corrosive inorganic salts in solvents under high temperature and 

pressure for long time. Usually stainless steel autoclaves internally 

fitted with Teflon or carbon tubes are used which is then placed in 

oven at desired temperature. The advantages of hydrothermal method 

over other conventional methods are given bellow. 

 The cost and energy consumption in this technique is much less 

as compared to other advanced techniques. As the synthesis of 

material take places in a closed container hence, it is therefore 

considered an environment friendly technique. Hydrothermal method 

is a low temperature synthetic rout in which stiochiometric control of 

product is easily obtained due to closed container. Morphology and 

size of the product can be precisely controlled by optimizing the 

reaction conditions.  
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2.2 Synthesis Methods 

2.2.1 Chemicals 

The chemicals used in this work were Cerium nitrate penta hydrate 

(Ce(NO3)3.5H2O, Sinopharm Chemicals, 99.0%), Sodium Hydroxide (NaOH, 

Sinopharm Chemicals, >96%), Bismith Nitrate pentahydrate (Bi (NO3)3.5H2O, 

Sinopharm Chemicals, 99.5%), Sodium Sulfidenonahydrated (Na2S.9H2O, VETEC, 

98.0%). Cadmium nitrate tetrahydrate (Cd(NO3)2.4H2O, Sinopharm Chemicals, 

99.5%) and thioacetamide (C2H5NS, Sinopharm Chemicals, 99.2%) were used as 

starting materials for the synthesis of CdS, CeO2 Bi2S3 and their composite. 

ammonium vanadium oxide (NH4VO3, Alpha Aesar, 99 %) and nitric acid (HNO3, 

Sinopharm Chemicals, 95 %) were used as starting materials for the synthesis of 

CdV2O6 and thiourea (CS(NH2)2, Sinopharm Chemicals, 99 %), was used for the 

chemical conversion of CdV2O6 into CdS/CdV2O6 composite. Sodium sulphide (Na2S 

Sinopharm Chemicals, 99 %) and Sodium sulfite (Na2SO3 Sinopharm Chemicals, 99 

%) were used as scavengers agents for photocatalytic process. All these analytical 

gradeS chemicals were used as such without frther purificationS. 

2.2.2 Synthesis of CeO2 

The hydrothermal method was employed for the synthesis of ceria. The 

amount of 0.217g (0.01M) of Ce(NO3)3. 5H2O was dissolved in 20ml of Milli Q water 

and stirred for 10 minutes. After 10 minutes, stiochiometric quantity of 1M NaOH 

was added in it with continuous stirring at room temperature. The  mixture was 

transfers in to a Teflon tube of capacity 50ml and filled with deionised water up to 

40ml. After sealing in stainless steel autoclave it was placed at 180°C for 24 hours in 

an oven followed by cooling to normal temperature. The yellowish coloured CeO2 

precipitatess were centrifuged, washed after it several time with Mili Q water. At last, 

with absolutee ethanol. The precipitates were dried overnight at 70°C in oven. The 

dried CeO2 was grinded well and used for characterizations and application 

[Kepenekci, O.et al. 2010].  

  

Ce(NO3)3.5H2O +3NaOH  →  Ce(OH)3+3NaNO3 

 

2Ce(OH)3+O2     →    2CeO2 +3H2O      
180°C 
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2.2.3 Synthesis of Bi2S3 

In hydrothermal typical method, a 1.6mmol solution of Bi(NO3)3. 5H2O was 

prepared in Milli Q water. The amount of 0.768g (3.2mmol) of Na2S was also added 

in the bismuth nitrate solution. The whole mixture was added in the teflon tube and 

sealed it in a stainless steel autoclave. The autoclave was then kept at 150°C in an 

oven for 24 hours. The autoclave was allowed to cool naturally and the black colored 

Bi2S3 precipitates were centtrifuged, then, washed by Mili Q water several times and 

ultimately with absolutes ethanol and dried in oven at 70°C for all night. The dried 

Bi2S3 were grinded and used for processing [Ghanbari, D. et al., 2014]. 

 

                      3Na2S + 2Bi(NO3)3 → Bi2S3 + 6NaNO3 

 

2.2.4 Synthesis of Bi2S3/CeO2 Composite 

The Bi2S3/CeO2 composite with different mole ratios i.e 20, 40, 60 and 80 % 

of Bi2S3 content was prepared by two step method [ Songa G. et al., 2014; Shi, J. et al. 

2012]. The composite with 20% Bi2S3 content was prepared as follows: Calculated 

quantity of 1.104g (6.4mmol) of CeO2 was dissolved in Milli Q water and then the 

amount of 1.552g (3.2mmol) of Bi2(NO3)2. 5H2O was also added in it. After that, the 

amount of 1.5012g (6.2mmol) of Na2S was also added with continuous vigorous 

stirring at room temperature. The whole mixture was then transferred into teflon tube 

of capacity 100ml and filled with Millli Q water up to 80ml. Then it was seealed in a 

stainless steael autoclave It was then put at 150Centigrade for 24 hr in an oven. The 

autoclave was allowed to cool down to room’s temperature, blackish brown colored 

Bi2S3/CeO2 precipitatess which were centrifugeed and washed many times by 

deionized water and finally with ethanol. The composite was then dried overnight at 

70°C in an oven. Bi2S3/CeO2 composite in dried form was grinded and stored for 

further characterizations and application. The same procedure was adopted for the 

synthesis of other compositions i.e. 40, 60, 80 mol% of Bi2S3/CeO2 composites.  

2.2.5 Synthesis of CdS Microspheres 

In a typical hydrothermal method, CdS was prepared by adding 0.060 g (0.2 

M) of thioacetamide into the 0.01M (0.246g) cadmium nitrate in 80 mL MilliQ water 

with continues magnetic stirring. After 20 minutes of stirring, the whole mixture was 

transferred to Teflon tube of capacity 50ml. It was sealed in a stainless steel 

150°C 
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autoclave. The autoclave was then kept at 170°C in an oven for 21 hours. After 

hydrothermal treatment and cooling autoclave at room temperature, the orange CdS 

precipitates were extracted by centrifugation. The precipitates were then washed with 

Mili- water several times and finally with absolutes ethanol. After washing, the solid 

product was dried in oven at 70° for rnight. The dried CdS was stored for further 

processing [Zhu, Z.F. et al. 2013 ; Jun, W. et al., 2009]. 

 

Cd(NO3)2    +  C2H5NS + H2O  →  CdS  + CH3C(O)NH2 + 2H(NO3) 

 

2.2.6 Synthesis of CdS/CeO2Composite 

The CdS/CeO2 core/shell composite was prepared by two-step chemical 

method [Mani, A.D. et al. 2015]. Typically, 0.0688g (0.005M) of the above CeO2 was 

added to 80 mL Milli-Q water and dispersed ultrasonically for 10 minutes. 0.0616 g 

(0.005 M) of Cd(NO3)2.4H2O was added to the as prepared CeO2 suspension with 

continuous vigorous stirring at room temperature and 0.03 g (0.01 M) of C2H5NS was 

also added in it. The mixture was stirred for 20 minutes and then hydrothermally 

treated at 170C for 21 hours in an oven. The autoclave was cooled down to room 

temperature and after centrifugal separation, the orange yellow CdS/CeO2 precipitates 

were washed with Milli-Q and finally by pure ethanol. The composite was dried in 

oven at 70C for over night. The dried CdS/CeO2 core/shell composite was stored for 

further characterizations and photocatalytic applications. 

2.2.7 Synthesis of CdV2O6 

Simple solvothermal method was used for the synthesis of cadmium vanadate 

(CdV2O6).  Typically, the amount of 0.608g (5.2 mmol) of NH4VO3 was added in 37 

mL of Milli-Q water. 2 to 3 mL of HNO3 was also added drop wise and stirred until 

ammonium vanadate was completely dissolved.  After 10 minutes, the amount of 

0.863g (2.8 mmol) of Cd(NO3)2.4H2O was added to ammonium vanadate solution 

with continuous magnetic stirring at room temperature. 1M NaOH solution was used 

to maintain pH of the whole mixture. The mixture was then transfered into a Teflon 

tuube of 50 mL capacity followd by sealing in a stainles steel autocalve. The 

autoclave was placed at 175°C for 18 hours in an oven. After that it was cooled to 

room temperature. Orange CdV2O6 precipitates were obtained after centrifugation. 

These precipitates were several times washed with Milli--Q water and finally by using 

170°C 
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pure ethanol. Then, the synthesized product was dried overnight at 70°C in oven. The 

dried CdV2O6 was stored for further characterizations and application [ Li, D. et al., 

2013] 

 

2NH4VO3 + Cd (NO3)2(aq)  → CdV2O6 + 2NH4NO3  

 

2.2.8 Synthesis of CdS/CdV2O6 Composite 

Chemical conversion rout was adopted for the fabrication of CdS/CdV2O6 

composite [Ma, D.K. et al. 2012]. In a typical procedure, 0.03 mmol of already 

synthesised CdV2O6 was dispersed in 40 mL of deionized (MilliQ) water with 

continuous and vigorous stirring at room temperature. After 15 minutes, certain 

amount of thiourea was also added in it. The mixture was then transferred to Teflon 

lined tube of “50” ml caapacity. The Tefln tube was thn seealed in autoclaves and 

putted in an oven at 175° for 18 hour. After cooling down the autoclavee to room’s 

temperature, the radish brown colored CdS/ CdV2O6 preciipitates were theen washed 

for severaal times via centrifugation with Milli water and absolute ethanool 

repeatedly. The composite was then drid in oven at 60° for ovrnight. The dried 

CdS/CdV2O6 composite was stored for further characterizations and application. 

2.3 Characterization Techniques 

The as synthesized metal oxide, metal chalcogenide nanomaterials and their 

composites have been characterized thoroughly by different techniques. Brief 

description of these techniques is given here.  

(i) Structural properties and Morphology of synthesized 

photocatalysts 

Structural properties such as: crystalline structure, crystalline phase and 

exposed crystal lattice have been determined by “XRD” (X Ray Diffraction), 

“HRTEM” (High reslution transmision electron microscop) while morphology of the 

photocatalyst was observed by Scaning electrons microscpy (SEM). 

2.3.1 X-- ray Diffraction (XRD) 

X-ray diffractometer D8 Advance (Bruker) equipped with Ni 

monochromatized Cu-Kα radiation (λ = 0.15406 nm) was used to investigate the 

samples (Fig. 2.1). Purity, crystalline phase, crystallinity and crystallite size of the 

175°C 
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synthesized photocatalysts have been analysed by XRD. It is a powerful tool which 

provides valuable information about the crystal. X-rays are generated as the result of 

bombardment the cathode rays (electrons) on anticathode (metal) target in an 

evacuated tube and directed towards the sample. After reflection from the sample 

crystal these rays form diffraction pattern when Bragg’s Law satisfied. The diffracted 

pattern then detected, processed and counted by rotating the powder sample. Each 

sample has its own characteristic inter planer distance (d-spacing). Hence, the 

converted diffraction peaks are converted in to d-spacing identified the sample. These 

d-spacing are compared with standard reference patterns [Bahl, B.S. et al. 2005]. The 

range of 10° to 80° was set to record the XRD patterns at 0.1 °/min scan rate. 

Crystallite size of the crystal was calculated by Debye-Scherer equation. 

 

𝐷 = Κ𝜆
𝛽 cos 𝜃                                                          (2.1) ⁄  

 

D = Crystallite size (Å) 

K = shape factor (taken as 0.9) 

λ = wavelength of the Xrays used (1.540  Å for CuK)  

β = line broadening at half the intensity (Radians)  

θ= angle of diffraction (degree) 
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Figure 2.2: External view of XRD analysis Technique 

 

2.3.2 High resolution transmission electron microscopy (HRTEM) 

Transmission electron microscopy (Tecnai G2 F20 U-TWIN TEM) was used 

to analyse the sample (Fig. 2.2). This technique gives crystallographic information 

about lattice fringes. HRTEM is an imaging mode of TEM. High energy electron 

beam is used in this technique for imagining and analyzing the sample on resolution 

atomic scale. Both transmitted and scattered beams are used for this purpose.  The 

electron beam scan very thin sample and form image to analyze the crystalline phase 

of material [Shindo et al. 1998]. 
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Figure 2.3 HRTEM analysis technique 

 

2.3.3 Scanning electron microscopy (SEM) 

Energy dispersive X-ray spectrometer (EDX) FESEM (Hitachi S4800) was 

used to analyze the particle size and morphology of the as synthesized materials (Fig. 

2.3). The basic principle of this technique is that primary electrons after striking with 

the sample give low energy secondary electrons and variety of signals. Some of these 

secondary electrons are then collected and processed or translated as pixels on 

monitor. The intensity of these pixels is directly related to the number of secondary 

generated electrons from the sample [Ray, F. et al. 2005].  

The high energy primary electronic beam knocks out the inner shell electrons 

from the sample after striking. The outershell electrons fill the inner vacant site and 

emit X.ray photons. The emitted X.rays provides identification of the elements as 

each element has its own electronic configuration [Mc Mullan, D. 2006]. 
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Figure 2.4 SEM and EDX analysis technique 

 

(ii) Analysis of Composition and texture 

Compositional, surface and textural analysis was done by EDX, XPS and BET 

analysis, respectively. Compositional analysis was done by Hitachi S4800 (FESEM) 

with energy disperssive X-ray (EDX) spectrometeer. 

2.3.4 X-ray photoeelectron spectroscopey (XPS) 

Elemental composition, Surface and position of energy bands of the 

synthesized sample was analysed by X-ray photoelectron spectroscopy (XPS) that 

was carried out by X-ray photoelectron spectrometer (ESCALAB--250Xi).. ESCA 

scanning microscope fitted with monochromatic X.ray source of Aluminium 

(1486.6eV, 25.6W) Instrument use a beam diameter of 100μm, 1.4eV and 12mA 
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neutralizer with FAT analyzer mode. The adventitious C1s at 284.60 eV was used to 

calibrate the peak positions. 

XPS is broadly applied for surface analysis. This technique based on 

photoelectric effect. When energy of the X-Ray photon (hυ) is large enough than the 

binding energy of the core electron or ionization energy of the surface atom is 

completely absorb by the atom, it emits the core electron out from the surface [Aline, 

L. 2008]. The emitted electron referred as photoelectron having energy as kinetic 

energy (Ek). The relationship of binding energy and kinetic energy of the electron is 

given as: 

                                          ℎ𝜐 = 𝐸𝑏 + 𝐸𝑘 −  ϕ                         (2.2) 

                                          𝐸𝑏 = ℎ𝜐 − 𝐸𝑘 +  ϕ                          (2.3) 

 

Where, 

                    h = Plank constant (J.s) 

                    υ = frequency of the radiation (Hz) 

                    Ek = kinetic energy of the photoelectron (J) 

                    ϕ = spectrophotometer work function  

2.3.5 Gas Sorption analysis 

USA Brunauer–EmmettTeller (BET) analyser micromeritics, tristar II 3020, 

was used to determined the pore volume, specific” surface” areas and average po’re 

diameter of the synthesized samples (Fig. 2.4). The powder sample has been degassed 

at 150˚C for 2 hours using micromeritics flow Prep 060 degas system using N2 

sorption at 77K. By N2 adsorption and desorption pore volume, pore distribution and 

surface area of the porous material is measured. Adsorption behaviour is described by 

adsorption isotherm that is the plot between pressure and volume at constant 

temperature. The adsorption isotherms are classified in to six groups on the basis of 

mono, bi and multilayer formation. The hysteresis loop appearing in the multirange 

region of the isotherm is mainly due to the capillary condensation in mesoporous 

material which describes the nature of pores [Brunaur, S. et al. 1938].  

Surface area was determined by BET technique using following equation: 

              
𝑃

𝑃°⁄

𝑛(1−𝑃
𝑃°⁄ )

=  
1

𝑛𝑚𝑐
− 

𝑐−1

𝑛𝑚𝑐
 ×

𝑃

𝑃°
                                        (2.4) 
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Where, 

             n = amout adsorbeed at the relative pressure P/P˚ 

      nm = mono-layer capacity 

             c = constant related to exponentialy to the heat adsorption in the 

                   First adsorbed layer. 

The c value is taken as: 

            𝑐 =  𝑒(𝑞1− 𝑞𝐿)/𝑅𝑇                                                            (2.5)         

Where, 

            q1 = heat of adsorption of the fi1st  layer of gas molecule 

            qL = heat of gas liquefaction 

            R = gas constant 

            T = Absolute temperature 

nm and c are calculated by the intercept and slope of the plot 
𝑃

𝑃°⁄

𝑛(1−𝑃
𝑃°⁄ )

 vs P/P˚ The 

surface are calculated by the assumption of close packing from the monolayer 

capacity. 

                                  𝐴 = 𝑛𝑚 × ∝𝑚  𝐿                                      (2.6) 

Where,  

                            m = molecular cross sectional area (0.162nm2 at 77K) 

                            nm = monolayer capacity 

                            L = Avogadro constant 
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Figure 2.5: N2 adsorption/desorption analysis technique 

 

(iii) Optical properties analysis 

Optical properties was analysed by UV/Visible spectrometry and Photoluminance 

spectrometry. 

2.3.6 Ultraviolet/Visible Spectroscopy 

The optical properties such band gap, electronic excitation were investigated 

by using Lambda 750 UV‒Visible‒NIR spectrophotometer at room temperature using 

BaSO4 as a reference. Photon of suitable energy is absorbed by the material and can 

excite the electron from the low energy level (vlance band) to the high energy level 
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(conduction band). In this way a trend of absorbance as a function may be obtained or 

recorded. Generally the curve at first goes to maximum and the gradually decrease 

forming a tangent. The curve in descending track gives information about band gap of 

the material [Douglas, A. et al. 2007]. The UV–Vis diffuse reflectance spectra (UV–

vis DRS) recorded by Lambda750UV/visible/NIR spectrophotometer in the 

wavelength ranging from 250nm to1800nm. The band gap between valance band and 

conduction band was calculated by simple extrapolation of adsorption edge and the fit 

to the equation of Davis and Mott [Gao, X. et al. 2000] 

                                   (𝛼ℎ𝜐)2~ ℎ𝜐 − 𝐸𝑔                                          (2.7) 

Where, 

             = Absorption coefficient 

             h = Plank constant (J.s) 

             υ = wave number (cm-1) 

             Eg = energy band gap of semiconductor (eV) 

2.3.7 Photoluminescence (PL) 

Time for photogenerated electron hole pair recombination was observed by 

recording the photoluminescence (PL) via An LS55 fluorescence spectrometer 

(Perkin-Elmer, USA) equipped with 3.0 nm slits of the excitation and emission at 

excitation wavelength of respective materials. 

Basic principal involve the excitation and de excitation of electron by absorption and 

emission of photon of certain energy and wavelength. Time duration between 

excitation and de excitation is generally very short aroud 10 nanosecond for direct 

band gap materials. Photogenerated electron hole pairs create by absorption of 

incoming photons of certain energy. Electronic transitions take place from ground 

state (valance band) to the conduction band but excited energy is then release by the 

electrons during recombination with holes in the form of photons of certain 

wavelength. Intensity of absorbed and emitted energy gives information about the 

chance or time of recombination of photogenerated electron hole pair[Henderson, B. 

et al. 1998]. 
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2.4 Evaluation of Photocatalytic activity 

Fluidised bed batch reactor system was used to evaluate the photocatalytic 

activity. Such type of reactor system operates as a two phase heterogeneous system in 

which photocatalysts are suspended in fluid with constant stirring in order to avoid 

catalyst sedimentation. CO2 is filled in sealed evacuated reactor. Light irradiation is 

provided on the top of reactor and sample is taken after fix interval of time with 

gastight syringe.  

The products from the photocatalytic reduction of CO2 were identifieed by 

using (7890A) GC/LC system from Agilent Technologies. The radiation source used 

was 300 W Xe lamp. The power of the solar irradiation is ~1.3 W measured by ILT 

950 Spectrodiometer (Internationl Lig\ht Technologies). The obtained products of 

photoreduction of CO2 were analyzed by gas chromatograph (7890A GC, Agilent 

Technologies) equipped with TCD(flame ionizations detectoors) and FID( one 

thermasl conductivity detector) through an automatted gases valve. Helium act as the 

carrier’s gas in this instrument. 

Quartz Photoreactor attached with photoreduction system was used to evaluate 

the photocatalytic activity of synthesized samples (Fig. 2.5).  CO2 gas was bubbled 

through quartz reactor containing 10mg of catalyst suspended in 100 mL Milli Q 

water for at least 45 min before the irradiation so as to absorb CO2 molecules on the 

active sites of catalyst and to produce saturated solution. The 25 MPa pressure of the 

gas was regulated inside the photoreaction system. The CO2 was saturated inside the 

photoreaction system to remove the air which was confirmed by the GC results. The 

Milli-Q water was constantly recycled to maintain temperature at 15°C during the 

entire reaction. The leakage from the reactor was avoided by tightly sealing the 

system.  

After that the reactor was illuminated by turning on the xenon lamp (300W) 

furnished with 420nm cut off filter and the yield of products was determined for a 

total period of 10 hous.  The power of solar irradiation was 〜1.3 W measured by ILT 

950 Speectrodiometer (Internantional light Techhnologies). Gas chromatograph (GC), 

was used to analyze the Products of photoreduction of CO2. The same experiment was 

carried out using N2 instead of CO2, in the absence of any light irradiation (dark 

reaction), blank reactor with and without irradiation as controlled experiments to 
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confirm that the products are because of photocatalytic reduction of CO2 by 

synthesized photocatalyst. 

                  

 

 

Figure 2.6: Photoreduction system equipped with GC/LC system 
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Bi2S3/CeO2 nanocomposite and its visible lights driveen 

catalytic activity, for the reduction of CO2 in to Methane 

and Methanol. 

Rapid increase in the emission of anthropogenic greenhouse gasses, especially CO2, 

is one of the severe environmental issues which cause pollution as well as global 

warming [Zhou, Y. et al. 2011]. Such quick elevation of CO2 level in the atmosphere 

is mainly due to massive consumption of fossil fuels for energy production [Tahir, M. 

et al. 2013; Mohammed, M.A.A. et al. 2011]. Apart from global warming issue high 

utilization of Fossil fuels (coal, natural gas and petroleum) due to alarming demand of 

luxurious life cause replenishing issue as well [Izumi, Y. and Coord. J. 2013]. 

Therefore, it becomes essential for the sustainable human society to explore new 

energy resources that not only meet the rapid increase in energy demands but also 

prove a remedy for environmental issue.  

Over the past few decades, attempts have been focused to develop the 

technology for the storage, recycling and capture the CO2 to solve the problem of 

these two major issues [Usubharatana, J. et al. 2006]. But, the efficiency of such 

technologies was limited. Hence, In this concern, various new routs have been 

developed and the most significant and efficient way is the photocatalytic conversion 

of CO2 into industrially beneficial compounds, such as carbon monoxide (CO), 

methane (CH4) and methanol (CH3OH) etc. [Chen, J. et al. 2013; Li, X. et al. 2015; 

Yuan, l. et al. 2015; Li, Q. et al. 2015]. 

Recently, photocatalytic reduction of CO2 over semiconductors has attracted 

much attention as a green technology for environmental remediation as this process 

involves consumption of CO2 with the help of solar energy. Efficiency of 

photocatalytic reduction relies on the performance of photocatalyst [Koci, K., et al. 

2009]. A large number of semiconductors photocatalysts have been used for 

photoreduction of CO2[Liu, S. et al. 2015; Chen, J., 2013; Ehsan, M.F.and He, T., 

2015; Khan, M.S. et al. 2014].Chance of recombination of photo generated charge 

carriers and stability problems has been faced in using single semiconductor as a 

photocatalyst. As a result, in the recent years, use of Composites has attracted much 

attention for the photocatalytic reduction of CO2. It is noted that the visible-light 

photoreduction of CO2 can be realized by fabricating a heterostructure via combining 
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a wide-band gap semiconductor with a narrow-band one, such as ZnTe/ZnO[Ehsan, 

M.F. and He, T. 2015], g-C3N4/Bi2WO6[Li, M.L. et al. 2015] CdSe/Pt/TiO2 [ 

Wang,C.J. et al. 2010], PbS/TiO2[ Wang, C.J., et al 2011], and many others [ Tu, 

W.G., et al. 2014; Wang, H.L. et al. 2014; Kuriki, R., et al. 2015; Zhou, P. et al. 2014; 

Li, K., et al. 2011; Li, X. et al. 2014; Wen, J.Q. et al. 2014; Morikawa, M. et al. 2014] 

as well as with noble metals owing to the plasmonic effect [ Zhang, Z. et al. 2013; 

Liu, E. et al. 2014]. 

In the present work, Bi2S3 and CeO2 and their composite have been selected as 

a photocatalyst for the reduction of carbon dioxide into methane and methanol. Bi2S3 

is a p-type semiconductor with narrow band gap and having more negative 

conduction band potential than most of the photocatalyst [Li, X. et al. 2011]. Due to 

these properties it has been used as visible light driven Photocatalyst [Lo, C.C. et al 

2007].CeO2 is n-type semiconductor, possess some special properties such as large 

band gap (up to 3.5eV), non-toxicity, stability against photoirradiation and chemically 

inertness that match with TiO2[Kominami, H. et al. 2010; Ji, P. et al. 2009]. Its unique 

4f electronic configuration makes it suitable for the fabrication of compllex oxides or 

as a dopand to improv catalytic performance [Sinha, A.K. and Suzuki, K. 2005; Song, 

S. et al. 2007; Li, F.B. et al 2005]. Moreover, it can absorb larger fraction of solar 

spectrum than TiO2 owing to its photoactivity in near-UV-Vis range [Fallah, J.E. et 

al. 1995; Ji, P.F. et al. 2008]. To facilitate its photocatalytic activity many researchers 

tried to doped it with other metals such as Fe, and Co [Wang, Y. et al 2014; Sabari 

Arul, N. et al. 2011]. But doping may increase some defects and enhance the chance 

of recombination. In order to overcome the problem of recombination it is tried to 

make it’s composite with other metal oxides [Pouretedal, H.R. et al 2012; Wang, Y. 

et al. 2013]. But it could not completely shift its response towards visible light.  

So, to enhance its response in visible and to minimize photogenerated 

electron-hole recombination CeO2 is combined with narrow band semiconductor such 

as Bi2S3. The structural properties and photoreduction ability has also been 

investigated in the present work. To the beest of our knowledge, thee present 

composite system has not been applied for the photoreduction of CO2 with H2O. The 

present composite system not only deals with the stability problem of Bi2S3 but also 

improve the efficiency of CeO2invisible light. 
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3.1.1: Crystalline phase Analysis 

 

The XRD patterns for Bi2S3 and CeO2 are shown in figure3.1.1(a & b). All the 

peaks in the XRD patterns for Bi2S3 and CeO2 are well matched with their respective 

JCPDS cards numbers 17-0320 and 34-0394, respectively. It confirms that there is no 

impurity in these materials. The XRD patterns confirms the Bi2S3 crystallizes into 

pure orthorhombic while CeO2 crystallize into pure cubic structure.  The XRD 

patterns for the Bi2S3/CeO2 Composite with different Bi2S3contents are given in 

figure 3.1.1c. The presence of both the peaks i.e. for CeO2 and Bi2S3 in the XRD 

pattern of nanocomposites is evidence that presence of only CeO2 and Bi2S3. It is 

clear from the figure 3.1.1c that with increasing the Bi2S3 content in the composite, 

intensity of diffraction peaks of Bi2S3 gradually increased especially the peaks of 

phases 220 and 130. Peaks before 2Θ 25° are not prominent when the Bi2S3contents 

are low in the composites and these peaks gradually appear and eventually become 

prominent with strong intensity when Bi2S3contents are high about 80% in the 

composites. Comparison is given with pure Bi2S3andCeO2. Both peaks are clearly 

distinguishable and intense in the composite of Bi2S3(60%)/CeO2. 

The average crystallite size (L) is estimated from the full widdth at half 

maxim of diffraction peak (130) and (111)of Bi2S3 and CeO2 using Scherer equation 

(3.1.1): 

 

 

𝐿 =
0.89𝜆

𝛽𝑐𝑜𝑠𝜃
                                                                                     (3.1.1) 

 

 

Where, λ (1.5406 Å) is thee wavelength, θ is the Brag angle, L is the averaage 

crystallite siize (nm) and β is the ful wiidth at half-maxim. The average crystallite 

sizes for Bi2S3 and CeO2 are found to be approximately 31nm and 23nm, 

respectively.  
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3.1.1: Crystalline phase Analysis 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1.1: XRD patterns of (a) Bi2S3 (b) CeO2 (c) Bi2S3/CeO2 composites 
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3.1.2: Morphological and Structural Analysis 

 

SEM and HRTEM are used to investigate the morphology of the prepared 

samples and their images are shown in figure 3.1.2 (a-f) and 3.1.3 (a-f). Figure 3.1.2a 

shoows that the CeO2 particles are sphericaal in shap and are in aggregates form. This 

agglomeration of CeO2 nanoparticles is the mostt stable configuration from energetic 

point of view as reported by Laurianne Truffault et al. [Truffault, L. et al. 2010]. 

TheBi2S3 has rod like morphology (Figure 3.1.2b) with average length of more than 

500nm and width of approximately 50nm. It has been reported that the Bi2S3 

nanomaterial intends to grow along c-axis direction and, thereby, has a lamellar 

structure [Fang, Z. et al. 2011; Jia, L. et al. 2011].It can be seen clearly from Figure 

3.1.2b-e that composite consist ofCeO2 nanoparticles and Bi2S3 rods. Figure 3.1.2b 

shows the nanoparticles like morphology because Bi2S3contents are only of 20%. 

with increasing the contents of Bi2S3rods shape morphology gradually become 

prominent and clear two morphologies are propinent in composite of 

Bi2S3(60%)/CeO2. While, composite of Bi2S3(80%)/CeO2 have majority rods because 

of more contents of composite of Bi2S3. This has been confirmed with the peaks of 

XRD images. 

It can be seen clearly from Figure 3.1.3c that composite of Bi2S3(60%)/CeO2 

consist of CeO2 nanoparticles and Bi2S3 rods in the form of cage like structure with 

small nanoparticles decorated on rods. The best and clear formation of composite can 

be seen in composite of Bi2S3(60%)/CeO2. So, for further investigation in HRTEM 

only this composite was taken. 

HRTEM image (Figure 3.1.3d) is recorded from the selected area containing 

single Bi2S3 rods with several CeO2 nanoparticles deposited into and on the surface of 

rod (intersect of figure 3.1.3d).  There are two types of lattice fringes clearly observed 

at the interface. The {200} and {111} planes are indexed by the lattice spacing of 

approximately 0.557nm and 0.307nm. These values of lattice spacing are well 

matched with the values obtained in case of individual HRTEM images of Bi2S3 and 

CeO2, respectively as shown in figure 3.1.3e&f. Where the inter planner distance 

between the adjacent lattice fringes indexed to the (200) and (101) planes of 

orthorhombic Bi2S3. 
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3.1.2: Morphological and Structural Analysis 

 

 

 

Figure3.1.2:SEM images of Bi2S3/CeO2 nanocomposites with different amount of 

Bi2S3: (a) 0% (i.e., CeO2 ), (b) 20%, (c) 40%, (d) 60%, (e) 80%, and (f) 100% (i.e., 

pure Bi2S3). 
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Figure3.1.3:SEM images of (a) CeO2, (b) Bi2S3 and (c) Bi2S3(60%)/CeO2 

nanocomposite; and HRTEM images of (d) Bi2S3(60%)/CeO2, (e) Bi2S3 and (f) CeO2. 

Insets of (a),(b) and (c) are corresponding zoom-in images, while the inset of (d) is 

the corresponding zoomout image. 
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3.1.3: Compositional and Surface Analysis 

 

Compositional and surface analysis is done by EDX and XPS techniques, 

respectively.  

The EDX elemental mapping analysis of Bi2S3 (60%)/CeO2 (Figure.3.1.4a-e) 

reveals that the Bi2S3 and CeO2 are homogenously distributed in the composite. It can 

also be found that the CeO2 nanoparticles not only decorat the surface of Bi2S3 rods 

but also encircle it.EDX spectroscopy also carried out in order to ensure the desired 

composition and stoichiometry for all the elements in the nanocomposite. Besides the 

substrate Si, all of the four elements namelyBi, S, Ce and O are observed in the 

Bi2S3(60%)/CeO2 nanocomposite (Figure. 3.1.4f). The atomic ratio between Bi and S 

is 59.82% for the nanocomposite and 63.85% for the Bi2S3 nanorods (Figure. 3.1.4g), 

which are close to the stoichiometry of Bi2S3. The atomic ratio of Ce to O is 54.77% 

for CeO2 nanoparticles that is close to the stoichiometry of CeO2, while for the 

nanocomposites, it cannot be determined possibly due to the presence of adventitious 

O from other resources like the Si substrate used for the EDX measurements. Thus, 

the target nanocatalysts have been successfully prepared. 

XPS provides conclusive information for the valance state of the element. The 

C1s at 284.60 eV has been used to calibrate the peak positions in the XPS spectra. 

The XPS survey scan (Figure. 3.1.5a) clearly indicates that composite consist of Bi, 

S, Ce and O without any other impurity. Figure 3.1.5(b-e) represents the Ce3d, O1s, 

Bi4f and S2p XPS spectra, respectively. The presence of peaks at 882.64eV, 

898.55eV, 907.38eV and 916.97eV of Ce4+ 3d5/2 and Ce4+3d3/2,respectively in Ce3d 

spectrum confirm the Ce4+ oxidation state and are in good agreement with previously 

reported in literature [Li, G. et al. 2009]. The O1s XPS spectra shows large peak at 

529.48eV which is attribut to the lattiice oxygen in the metal oxide and a hump at 

high binding energy is due to the surface adsorbed oxygen [Zhu, J. et al. 2007]. The 

signals of Bi 4f7/2 and Bi 4f5/2 at 158.21eV and 163.50 eV reveals the “+3” oxidation 

state of bismuth and signals at 160.69eV and 160.49  attributed to the S2p1/2 and 

S2p3/2 respectively indicates the presence of S in “-2” oxidation state. 
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3.1.3: Compositional and Surface Analysis 

 

 

Figure 3.1.4: (a)SEM image of the Bi2S3(60%)/CeO2 nanocomposite, the 

corresponding EDX elemental mapping of (b) Bi, (c) S, (d) Ce, and (e) O, and the 

EDX spectra of (f) Bi2S3(60%)/CeO2, (g) Bi2S3 and (h) CeO2 

. 
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Figure 3.1.5:XPS survey scan of (a) Bi2S3/CeO2 composite, XPS spetra of (b) Ce3d, 

(c) O1s, (d) Bi4f, and (e) S2p 

 

200 300 400 500 600 700 800 900

0

50000

100000

150000

200000

250000

300000

350000

 

 

C
1
s

C
e

4
+
3
d

Bi4f

C
/s

B.E (eV)

Ce
4+

 3d

C
e

3
+
3
d

O
1

s

(a)

870 880 890 900 910 920 930

10000

15000

20000

25000

30000

35000

40000

45000

50000

 
 

C
e
4
+

3
d

5
/2

C
e
3
+

3
d

3
/2

C
e
4
+

3
d

3
/2

C
e
4
+

 3
d

5
/2

C
/s

B.E (eV)

C
e
4

+
3
d

5
/2

C
e
4

+
 3

d
3

/2

(b)

526 528 530 532 534

0

5000

10000

15000

20000

25000

 

 

C
/s

B.E (eV)

(c) O1S

156 158 160 162 164 166 168 170

0

10000

20000

30000

40000

50000

60000

 

 

C
/s

B.E (eV)

Bi4f7/2

Bi4f5/2
(d)



 

 72 

3.1.4: Textural Analysis 

 

The adsorption/desorption of nitrogen isotherms for the ass prepared samples 

are shoown in Figure. 3.1.6(a-c). Adsorption of nitrogen on CeO2 follow type III 

isothermic behaviour with HI type hysteris loop (Figure 3.1.6a) while type II isotherm 

(figure 3.1.6b) for Bi2S3is nonporous material.  The figure 3.1.6c shows that 

Bi2S3/CeO2 exhibit typical type III isotherm with a relatively wide HI-type hysteresis 

loop that is characteristic feature of mesoporous structure with uniform distribution of 

pores. Mesopores are created due to the inter-space of aggregated nanoparticles. 

Moreover, starting of hysteresis loop at higher P/P̊ is the indication of large pore size. 

Similar types of results are also already reported in literature [Zhao, C. et al. 2012]. 

Table 3.1.1 shows the specific surfaces areaa, pore volumes and pore size of Bi2S3, 

CeO2 and Bi2S3/CeO2 composite.  The higher surface area of the composite than that 

of Bi2S3 and CeO2 make it more efficient for the adsorption of CO2 at its surface 

which can enhance its photocatalytic reduction. This can further confirmed by the 

application of this composite for the photocatalytic reduction of CO2. 

 

Table 3.1.1: Surface area, pore volume and pore size of Bi2S3, CeO2 and Bi2S3/CeO2 

 

 

 

 

 

Compound BET surface area (m²/g) 

0.1 

Pore volume (cm³/g) 

0.1 

Pore size (nm) 

0.1 

CeO2 8.03 0.17 65.03 

Bi2S3 26.03 0.04 7.01 

Bi2S3/CeO2 

composite 

43.00 0.15 12.04 
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3.1.4: Textural Analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1.6: N2 adsorption and desorption isotherm of (a) Bi2S3 (b) CeO2 (c) 

Bi2S3/CeO2 
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3.1.5: Optical Properties Analysis and Band Alignment 

 

Alignment of energy level of the photocatalyst is important in determining the 

photocataltytic activity. Allighment of energy levels are derived by measurement of 

UV-vis spectra and XPS valance band spectra.  

The diffuse reflectance spectra are recorded in the range of 250-1250nm for 

Bi2S3 and 250-800nm for CeO2 and Bi2S3/CeO2. These diffuse reflectance spectra of 

Bi2S3, CeO2 and Bi2S3/CeO2 are converted in to absoorption spectras on the basis of 

KubelkaMunk function [Izumi, Y. et al 2009] and are shown in figure 3.1.7. The 

adsorption ability of Bi2S3/CeO2 Composite increases in visible region with 

increasing the content of Bi2S3 in the mixture (Figure. 3.1.7c). This may be due to 

high absorption coefficient of Bi2S3 and long optical path length for light transport 

which is caused by multiple scattering of UV-Visible light within hierarchical frame 

work of composite [Ma, D. et al. 2012].  

Band gap vales are calculated both by simple extrapolation of adsorption edge 

in the Tauc plot with equation of Davis and Mott [Gao, X. 2000] 

𝛼 × ℎ𝜈 ∝ (ℎ𝜈– 𝐸𝑔)1/2                                                      (3.1.2) 

Where, α, h and ν are adsorption coefficient, Plank constant and wave number, 

respectively. 

The intercept values at x-axis for Bi2S3 and CeO2 are found to be 1.49eV and 

3.37eV, respectively. The values of band gapes are in well consistent with that of 

reported earlier in literature [Jovanovic, D.J. et al 2011; Sifontes, A.B. et al. 2013]. 

Efficiency of Composite semiconductor for the separation of Photogenerated charge 

carriers is closely related to their band edges positions. The valance band edge of 

semiconductor is calculated by using data from XPS. The valence band maximum of 

Bi2S3 and CeO2 is calculated to be 0.91 V and 2.92 V (with respect to SHE), 

respectively (Figure. 3.1.8). The conduction band minimum of Bi2S3 and CeO2 is 

calculated to be -0.58 V and -0.45 V (vs SHE) by using the corresponding value of 

band gap, respectively. Therefore, according to the positions of Conduction and 

valance band, Schemematic energy diagram (Figure.3.1.9) is purposed to illustrate 

possible charge separation process and energy band levels. Under visible light only 

Bi2S3 excited and electron-hole pairs are generated. Photogenerated electrons from 

Bi2S3 are transferred to the comparatively lower positioned conduction band of CeO2.  
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3.1.5: Optical Properties Analysis and Band Alignment 
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Figure 3.1.7:UV/visible absorption spectra for (a) Bi2S3 and (b) CeO2 and (c) 

Bi2S3/CeO2.Insets are the corresponding Tauc plots for the individual semiconductor. 
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Figure 3.1.8: Valance band edge from XPS Spectra of (a) Bi2S3, (b) CeO2 

 

 

 

 

Figure 3.1.9:Alignment of the energy levels and proposed schemefor the 

photoreduction of CO2 with Bi2S3/CeO2 Composite under irradiation of λ ≥ 420 nm 
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3.1.6: Photocatalytic Reduction Activity 

Photocatalytic activity of Bi2S3, CeO2 and Bi2S3/CeO2 composite with 

different Bi2S3 contents is investigated by reduction of CO2 with water under the 

visible light (λ≥420nm) irradiation for 8h and their results are compared. Methane 

and methanol are observed as the major products in case of Bi2S3 and Bi2S3/CeO2 

composite as shown in figure 3.1.10a&b while both of these products are not 

observed when CeO2 is used as a photocatalyst under visible light. This is due to the 

larger band gap of CeO2 than that of energy of visible-light photons (Figure 3.1.10 

a&b). Both these products (methane and methanol) are neither observed in the dark 

nor in the absence of Photocatalyst or CO2 which indicates that these products are due 

to the presence photocatalyst, visible light irradiation and CO2. Yield is calculated 

amount of product per gram of catalyst in specific time duration. 

It can be seen from the figure 3.1.10 a & b that yields of CH4 and CH3OH  are 

high in case of composite than that of single semiconductor except in the case of 20% 

Bi2S3 for CH3OH. Yield of the product not only increase with the irradiation time for 

all the photocatalysts but also increase with the increase of Bi2S3 content up to 60% of 

Bi2S3 in the composite. The enhanced photocatalytic activity is caused by the 

extended spectral risponse from UV to vissible area owing to Bi2S3 photosensitizer 

and as shown in figure 3.1.9 an efficient charge transfer of the photogenerated charge 

carriers from the conduction band of Bi2S3 to the conduction band of CeO2 can occur 

in case of nanocomopiste, facilitating the electron-hole separation to suppress the 

possible recombination.  This can be confirmed by Photoluminescence (PL) emission 

spectra (Figure 3.1.11), which results from the recombination of holes formed in S1s 

bands and electrons in the Bi4f band. The Photoluminescence (PL) emission spectra 

of pure Bi2S3 and Bi2S3/CeO2 are recorded at 539.9nm. The observed intense and 

high PL intensity of Bi2S3 than of Bi2S3/CeO2 composite shows the larger probability 

of charge carrieres recombination in Bi2S3. Hence, combination of Bi2S3 and CeO2 in 

the form of composite can helpful to separate the photogenerated carriers and 

suppress their recombination, resulting in the enhanced the photocatalytic activity. 

Moreover larger BET specific surface area of the composite than that of single 

semiconductor may also account for its better photocatalytic activity. 

The decrease in product yield more than 60% may be due to the self-

aggregation of Bi2S3 which inhibit the transfer of electron from Bi2S3 to CeO2 and 
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chance of photogenerated charge carriers recombination increase which leads to the 

lower product yield. The rate and maximum yield for the production of Methane and 

methanol for all the composites are given in table 3.1.2. Rate and yield in case of 

composite having 60% Bi2S3 is higher than that of single semiconductors. Hence this 

appropriate ratio of Bi2S3 to CeO2 can greatly enhances the visible light 

photocatalytic activity.  

Although the exact detail mechanism for the photoreduction of CO2 in to CH4 

and CH3OH is still not clear. It can be understood in the following way. 

Photoreduction of CO2 initiate with the creation of photogenerated charge carriers by 

the absorption of the visible-light with energy equal or greater than the band gap 

energy of Bi2S3 i.e. 1.49 eV. These photogenerated electrons then transferred from the 

Bi2S3 to the conduction band of CeO2. This process of electron transfer is faster than 

the electron-hole recombination rate as shown by PL spectra because of feasible band 

positions and hence improves the photocatalytic activity. It is known that CO2 

photoreduction is the multistep process. The first step possible step is the activation of 

CO2 on the photocatalyst surface to form negative and metastable superoxide (•CO2
-) 

radical [Xia, X.H. et al. 2007; Takeda, H. et al. 2010]. It is reported in literature that 

(•CO2
-) radical is formed in case of solvents of high dielectric constants such as water 

[Liu, B.J. et al. 1998]. Absorption of photogenerated holes by water produce the •OH 

which subsequently results in the formation of “H+” and “O2”. Then H+ react with the 

excited electrons to give •H radicals. The oxidation potential for water is 0.8V versus 

SHE as reported earlier [Indrakanti, V.P. et al 2009]. The valence band of Bi2S3 lie at 

0.91V versus SHE which indicates that water can be easily oxidizes by the holes 

present in the valence band. The •CO2
- radicals can react with •H radicals to form CO, 

which is then converted into •C radicals through successive reactions followed by the 

formation of a series of •CH, •CH2 and •CH3 radicals [Koci, K. et al 2009]. Finally, 

this •CH3 radical can react with H2O, H+ or •OH to produce CH4 or CH3OH, 

respectively.  

The “glyoxal cycle” (i.e., formation of glyoxal by recombination of two 

formyl radicals) is believed more feasible than the commonly accepted proton-

coupled two-electron sequence reaction for Photocatalytic conversion of CO2, as the 

formation of CH4 and CH3OH is a multi-step reaction. [Shkrob, I.A., 2012] The 

reason that the production yield of CH3OH is much higher than that of CH4 is not 
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very clear hitherto. Based on the alignment of energy levels (Figure. 3.1.9), it may be 

because the redox channel of CH3OH is energetically better aligned with the CeO2 

conduction band than that for the CH4. Moreover, the formation of CH3OH via CO2 

reduction involves 6 protons coupled with 6 electrons, while the formation of CH4 via 

CO2 reduction involves 8 protons coupled with 8 electrons. Thus, the dynamics is 

also in favour of the formation of CH3OH.  
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Figure 3.1.10:  Yield of methane (a) and methanol (b) during photocatalytic 

reduction of CO2 under visible light by using Bi2S3, CeO2 and Bi2S3/CeO2 

composite as a function of time. 
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Table 3.1.2: Rate and maximum yield for the production of methane and methanol 

during photocatalytic reduction of CO2 under visible light using Bi2S3/CeO2 

composite 
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Figure 3.1.11: PL spectra of Bi2S3 andBi2S3 (60%)/CeO2 composite 
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3.1.7: Stability of Bi2S3/CeO2 

Apart from the photcatalytic activity of a photocatalyst its stability is also very 

important for practical point of view. In order to invesstigate the stabilit of 

Bi2S3/CeO2 nanocomposite, the XRD and SEM are also recorded after Photocatalytic 

reactions. Figure 3.1.12a-c shows the XRD and SEM image for Bi2S3 and Bi2S3 

(60%)/CeO2 after photocatalytic test. The XRD pattern shows that the Peaks of Bi2S3 

and CeO2 are present in both cases i.e. before and after the photoreduction. But the 

intensity of Bi2S3 peaks  become week after 8 hour exposure of visible light  and are 

not prominent  as compare to the pattern before photoreduction, where almost all the 

peaks of both Bi2S3 and CeO2 are clear. Similarly in comparison with the even;y 

distributed nanorods of Bi2S3 before photoreduction (Figure 3.1.2b), the nanorods 

break into smaller ones and start to aggregate with each other after photoreaction for 

single Bi2S3 catalyst (Figure 3.1.11b). So the Bi2S3 is not stable upon photocatalysis. 

As for the Bi2S3(60%)/CeO2 nanocomposite, the characteristic feature of nanorods for 

Bi2S3 and spherical nanoparticles for CeO2, as shown in figure 3.1.3c, are still kept 

comparatively well after the photoreaction, although the nanorods become a little 

smaller and slight aggregation can be observed too (Figure 3.1.12c). This indicates 

the better stability of nanocomposite than that of single semiconductor. Therefore, the 

combination of Bi2S3 with CeO2 can improve not only its photocatalytic activity, but 

also its stability against photocatalysis.. 

3.1.8: Conclusion 

The CeO2, Bi2S3 and Bi2S3/CeO2 nanocomposite with different Bi2S3 contents 

have been sucessfully prepared and all the samples been applied for the reduction’ of 

CO2 under visible-light illumnation. Methane and methanol are found to be the major 

products for all the photocatalysts except CeO2 under visible light. Nanocomposites 

exhibit higher efficiency than that of single semiconductor due to the inhibition of 

electron-hole recombination or efficient charge transfer. The results show that 

nanocomposite with 60% Bi2S3 has been found the most efficient for the production 

of methane and methanol. It is observed from XRD and SEM results that Bi2S3/CeO2 

has better stability than that of single semiconductor. We envision that the 

nanocomposite with Bi2S3 may be used as photocatalyst for the reduction of CO2 due 

to the high conversion efficiency 
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3.1.7: Stability of Bi2S3/CeO2 
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Figure 3.1.12: XRD spectra of Bi2S3, Bi2S3/CeO2, CeO2 and SEM images of (b) 

Bi2S3, (c) Bi2S3/CeO2after photoreduction experiment.  
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Application of Stable CdS/CeO2 Core/Shell Composite in 

Environmental Remediation: Photocatalytic reduction of 

CO2 under Visible light 

 

In the past few decades, morphology oriented research of inorganic materials has 

gained a lot of attention. Especially, interest has been grown to synthesized micro-

sized three dimensional hierarchical superstructures based on nano-sized building 

blocks due to their unique structure and properties [Tan, S.S. et al. 2008; Tan, S.S. et 

al. 2006; Dey, G.R. 2004]. These 3D hierarchical superstructures are widely used in 

energy storage, drug delivery, catalysis, nanoreactors and sensors [Teramura, K. et al. 

2004; Lo, C.C. et al. 2007; Barton, E.E. et al 2008; Inoue, T. et al. 1979; Fujiwara, H. 

et al 1997; Yu, J.G. et al. 2012]. Among these superstructured, micro-sized hollow 

mesoporous materials or core shell have higher surface to volume ratio and special 

shape [Xiang, Q.J. et al. 2013; Li, Q. et al. 2011; Abou Asi, M. et al 2011]. 

Fabrication of novel composites, i.e., core/shell structures, has attracted much 

attentions due to their uniqu chemical composition and electronic propertie [Caruso, 

F. et al. 1998]. Core possess different properties than that of shell and chemically 

contact with the shell in three dimensions (3D). Such three dimensional intimate 

chemical contact of core with shell improves many properties including catalytic 

property as well by improving the interfacial charge transfer process. Growth of large 

band gap protective shell on the core improves the photostability of the catalyst. 

Various 3D hierarchical architectures of II-VI, II-VI and IV-VI semiconductors 

including  PbTe [Zhu, J. et al. 2007], ZnTe [Ehsan, M.F. et al. 2015], ZnS/CdS 

[Huang, L. et al. 2013], In2S3/In2O3 [Hota, G. et al. 2007], Bi2S3/ZnS [Wu, Z. et al. 

2013]  have been investigated. CdS is the most extensively used classical II-IV group 

semiconductor with direct band gap, ability to harvest visible light and suitable 

conduction band potential for the photocatalytic reduction of CO2 into solar fuels 

[Wang, C. et al. 2010a; Ran, J. et al 2011; Praus, P. et al 2011].  

Photocatalytic efficiency is closely related to the consumption of 

photogenerated electron-hole pairs and to their recombination as well. Unfortunately, 

low efficiency of narrow band gap material due to the photocorrosion and fast 

recombination of photogenrated charge carriers are the main limitations of using 
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single CdS and other narrow band gap material as single photocatalysts.  As a result, 

in order to increase photocatalytic activity under visible light with less chance of 

recombination of photogenerated charge carriers, use of composites has attracted 

much attention for the photocatalytic reduction of CO2 [Yu, J. et al. 2014; Songa, G. 

et al 2014]. Especially, composites of CdS with transition metal oxide have attracted 

much attention [McDaniel, H. and Shim, M. et al. 2009; Zhang, F. et al. 2010b; Nyk, 

M., 2008;]  

However, little attention has been paid to rare earth metals oxide. Although, 

rare earth oxides have wide range of applications in biological detection, high quality 

phosphors and catalyst   due to their unique catalytic and optical properties [Zhang, F. 

et al. 2010a; Russbueldta, B.M.E. and Hoelderich, W.F. 2010; Perkas, N. et al 2009]. 

Recentaly, rare earth doped CdS has been prepared and studied their electrical, optical 

and catalytic properties [Navarro, R.M. et al. 2010; Zong , X. et al. 2010; Strataki, N. 

et al. 2010; Li, C.L. et al. 2010; Zhang, K. et al 2010]. Compostes of CdS with rear 

earth metals have atracted much attention due to their uniqu catalytic properties. But 

still, there is need for deep understanding to efficiently investigate their photocatalytic 

properties. Such composites with 3D hierarchical superstructures are rarely reported. 

In addition, most of synthetic procedure of CdS superstructures involves some toxic 

environmentally hazardous organic materials.  

Hence, in the present work, CdS has been combined with CeO2 in the form of 

heterostructure to improve its photocatalytic activity and stability because CeO2 has 

suitable optical and catalytic properties. CeO2 has been extensively used as 

photoactive material in solar cells and photocatalyst in hydrogen generation and 

organic pollutant, dyes degradation [Chaudhary, Y.S. et al. 2010; Corma, A. et al. 

2004; Lira-Cantua, M. et al. 2006; Kadowaki, H.,] Combination of CdS with CeO2 in 

core shell strategy not only enhances its visible light response and stability against 

undesired photocorrosion but also helps in reducing the chance of electron-hole 

recombination. The structural properties, photoreduction ability and the stability of 

the composite system have also been investigated in the present work. To the bests of 

our knowledge, “the present core shell composite system has not been applied for the 

photoreduction of CO2 with H2O. 
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3.2.1: XRD Analysis 

 

The crystalline phase of synthesized products has been investigated by X-ray 

difraction (XRD), and typical patterns for CdS, CeO2 and CdS/CeO2 are shown in 

figure 3.2.1(a-c). All the peaks in the XRD patterns of CdS are well matched with 

standard pattern (JCPDS cards # 65-2887) and assigned to the cubic structure with 

lattice constant 5.841nm (Figure 3.2.1a). The XRD pattern of CeO2 coordinated with 

JCPDS cards number 34-0394 which confirms the synthesis of pure fluorite cubic 

structure with lattice constant 5.113nm (Figure 3.2.1b). Figure 3.2.1c represents the 

XRD pattern for the CdS/CeO2 core/shell composite. The presence of diffraction 

peaks for both the materials, i.e., CeO2 and CdS, confirms the formation of 

composite. The absence of any other peak in the XRD pattern of core/shell composite 

is the evidence that it only consists of CeO2 and CdS.  

The average crystallite size (L) of CdS and CeO2 is estimated from the ful 

width at half maxim of diffraction peak (111) and (111), respectively by using 

Scherrer equation (3.2.1) 

 

𝐿 =
0.89𝜆

𝛽𝑐𝑜𝑠𝜃
                                                                           (3.2.1) 

 

Where “λ” (1.5406 Å) is the wavlength, “θ” is the Bragg angle, “L” is the 

average crystallite size (nm) and “β” is the full width at half-mximum. Thee average 

crystallite sizes for CdS and CeO2 are found to be approximately 40 and 23 nm, 

respectively. 
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3.2.1: XRD Analysis 
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Figure 3.2.1: XRD pattern of (a) CdS, (b) CeO2 and (c) CdS/CeO2 composite 
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3.2.2: SEM, TEM and TEM-EDX Analysis 

 

Morphology of the prepared samples is investigated by SEM analysis. SEM 

image in figure 3.2.2(a) shows aggregated form of spherical particles of CeO2 which 

is the most stable form as evidenced by Laurianne Truffault et al [Truffault, L. et al. 

2010].SEM image of CdS (Figure 3.2.2b) shows the hollow microspheres of CdS 

with coarse surface having average diameter of 2 μm. These microspheres formed by 

the combination of nanoplate like structures with diameter of around 20nm (inset of 

Figure 3.2.2b). It can be seen clearly from figure 3.2.2c that composite of CdS/CeO2 

consist of CeO2 nanoparticles spread on the surface of CdS microspheres. 

Nanoparticles are coated on the surface of CdS, indicating that CdS/CeO2 with the 

core/shell like structure is obtained by two step method. 

TEM and HRTEM images (Figure. 3.2.2d-f) give detailed information about 

morphology of composite.  Typical TEM image (Figure 3.2.2d) of single sphere with 

diameter 2.6μm shows that inner darker side is core while outer layer of 

comparatively light and grey in colour with thickness of about 500nm represent shell 

of the well dispersed CeO2 nanoparticles in composite. HRTEM image is recorded 

from the selected area of core/shell (Figure 3.2.2e).  Distinct lattice fringes in 

HRTEM image represent crystalline nature of CdS/CeO2 core/shell composite. The d-

spacing of 0.333nm at core indexed to thee (111) plane of cubic “CdS” (Figure 

3.2.2f), while lattices fringe with dspacing 0.317 nm of shell corresponds to (111) 

plane” of CeO2. Moreover, the interface between CdS and CeO2 can be clearly 

resolved. Result from TEM and HRTEM reveals that microsphere consists of CdS 

core and CeO2 shell. It is noticed that such core/shell structure can improve the 

photocatalytic activity due to the formation of heterojunction that can suppress the 

recombination of photogenerated charge carriers. 

Further investigation of microscopic structure of CdS/CeO2 core/shell is done 

by TEM-EDX (energy dispersive X-ray) analysis and elemental mapping (Figure 

3.2.3). It is clear from the SEM image in figure 4.3b-e that “Cd” and “S” are more 

concentrated in core while “Ce” and “O” formed foam like shell around the core. The 

atomic ratio of Ce and Cd is about 1:2 (Figure 3.3.3f) shows that contents of CdS are 

much greater than CeO2 and no other impurity is present except “Cu” (Figure 3.2.3f) 

that came from copper grid use for TEM analysis. 
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3.2.2: SEM, TEM and TEM-EDX Analysis 

 

 

 

Figure 3.2.2: SEM images of (a) CeO2 (b) CdS and (c) CdS/CeO2 coreshell 

composite (d) TEM image of CdS/CeO2 coreshell composite, HRTEM image of (e) 

CdS/CeO2 coreshell composite (f) CdS 
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Figure 3.2.3:  (a) SEM image of CdS/CeO2 heterostructuredcomposite, The 

corresponding EDX elemental mapping images of (b) Cd (c) S (d) Ce (e) O and EDX 

spectra of CdS/CeO2 composite 
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3.2.3: XPS and BET Analysis 

 

The valance band position and oxidations states of thee elements have been 

investigated by XPS studies and their spectra are shown in figure 3.2.4(a-e). The C1s 

at 284.60 eV has been used to calibrate the peak positions in the XPS spectra. The 

XPS survey scan (Figure3.2.4a) clearly indicates that all the peaks are related to Cd, 

S, Ce and O without any other impurity peak and the surface atomic ratio of Cd and 

Ce is found1:3 which are almost in agreement with the results from EDX. Figure 

3.2.4(b-e) represents the Ce3d, O1s, Cd3d and S2p XPS spectra, respectively. The 

peaks at 882.64eV, 898.55eV, 907.38eV and 916.97eV are assigned to 3d5/2 and 

3d3/2,respectively in Ce3d spectrum confirm the Ce4+ oxidation state and are in good 

agreement with previously reported in literature [Li, G. et al. 2009]. The O1s XPS 

spectrums shows intens peak at 529.48eV which is atributed to the lattice oxygen in 

the metal oxide and a hump at high binding energy (from 531.5eV to 532. 3eV) is due 

to the surface adsorb oxygen [Zhu, J. et al 2007]. The corresponding XPS spectra for 

Cd and S shows the peaks at 405.05eV, 411.72eV , 161.50eV and 162.67eV 

respectively that are indexed to chemical form i.e. Cd+2 and S-2 of CdS   [Hota, G. et 

al. 2007]. 

Figure3.2.5(a&b) represent the nitrogen adsorption and desorption 

isotherms for BET analysis. CdS microspheres showed III type isotherm with 

H3 hysteresi loop (figure 3.2.5a). HIII hysteresis loop is the characteristic of slit 

shaped pores that are formed by the aggregates of nanoplate like particles. 

Isotherm for the CdS/CeO2 is of type IVwith HI hysteresis loop (Figure.3.2.5b). 

The hysteresis loop appears around the steep region and it ascends evenly with 

the true isotherm. This is the characteristic feature of mesoporous material 

which enhances diffusion of reactant and product [Izumi, L. et al. 2009]. The 

BET surface area of the CdS/CeO2 coreshell composite (15.04m2/g) is higher 

than that of CdS and CeO2because the modification of CeO2shell can increase 

the dispersion of the CdS microspheres andthe CeO2 nanoparticles have 

relatively large surface area, Thiscan facilitate enhancing adsorption of reactant 

molecules and,thereby, the enhanced photocatalytic activity. Enhance surface 

area provides more active sites for the easy transport of charge carrier which 

enhance adsorption of reactant molecules [Shen, Z. et al. 2012]. 



 

 91 

3.2.3: XPS and BET Analysis 

1200 1000 800 600 400 200 0
-2.0x10

4

0.0

2.0x10
4

4.0x10
4

6.0x10
4

8.0x10
4

1.0x10
5

1.2x10
5

1.4x10
5

1.6x10
5

 

 

C
o

u
n

ts
/s

Binding Energy (eV)

Ce3d
Cd3d

O1s

C1s

S2p

(a)

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.4: (a) XPS survey scan of CdS/CeO2 composite, high resolution XPS 

spetra of (b) Ce3d, (c) O1s, (d) Cd3d and (e) S2p 
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Table 3.2.1: Binding energies (eV) of different core levels 
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Figure 3.2.5: N2 adsorption and desorption isotherm of (a) CdS (b) CdS/CeO2 
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3.2.4: Optical Analysis and Band Alignment 

 

The UV/Visible diffuse reflectance for CeO2, CdS and CdS/CeO2 spectra were 

recorded in the range of 250-850nm. These diffuse reflectance spectra of CdS/CeO2 

CdS and CeO2 are converted in to absorption spectra on the bais of KubelkaMunk 

functon [Izumi, L. et al. 2009] and are shown in figure 3.2.6(a-c), respectively. 

CdS/CeO2 core shell composite shows remarkable increase in the absorbance in 

visible region of spectrum.  

Band gap values for CdS and CeO2 are calculated by using Davis and Mott 

equation [Gao, X. et al. 2000] 

 

𝛼 × ℎ𝜈 ∝ (ℎ𝜈– 𝐸𝑔)1/2                                       (3.2.2) 

 

Where, α, h and ν are adsorption coefficient, Plank constant and wave number, 

respectively 

Inset of figure (3.2.6b&c) give band gap values which are calculated by the tauc 

plot (αhν)2 versus hν). These values are listed in table 3.2.2 and are well consistent 

with the previously reported values [Yu, J. et al. 2014; Sifontes, A.B. et al. 2013; Ko, 

H.H. et al. 2014].  

Valance band positions of CdS and CeO2 are evaluated by XPS technique 

(Figure. 3.2.6(d&e). The values of valance band and conduction bands are mentioned 

in table 3.2.2 These positions are used to draw the energy diagram of CdS/CeO2 

core/shell composite (Figure.3.2.7) that can be helpful in discussing the mechanism 

for the Photocatalytic reduction of CO2 into CH4 and CH3OH.  
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3.2.4: Optical Analysis and Band Alignment 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.6: UV/Visible spectra of (a) CdS/CeO2 (b) CdS  (c) CeO2 and valance 

band spectra of (d) CdS  (e) CeO2 
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Table 3.2.2: Band positions and band gap values of CdS and CeO2 

 

Compound CdS CeO2 

Valance band position (V) Vs 

SHE 

1.52 2.83 

Conduction band position (V) 

Vs SHE 

-0.80 -0.57 

Band Gap eV 2.31 3.40 

 

 

 

 

 

 

Figure 3.2.7Alignment of the energy levels and proposed scheme for the 

photoreduction of CO
2 

with CdS/CeO
2 

Composite under irradiation of λ ≥ 420 nm 
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3.2.5: Photocatalytic Reduction Activity 

 

The CdS, CeO2 and CdS/CeO2 have been used as “photocatalyst” for the 

reduction of “CO2” with water using visible light ((λ ≥ 420nm) irradiation for 10 

hours in order to check their catalytic activity. Methane and methanol are observed as 

major products in gaseous and liquid analysis respectively by using CdS, CdS/CeO2 

core/shell composite. Yield is calculated by the amount of product per gram of 

catalyst produced in specific reaction duration. The results are shown in figure 

3.2.8(a&b).  The effect of amount of photo-catalyst was also observed and highest 

yild noticed when 10mg of the catalyst was used. Hence, 10mg is the optimum 

amount for this experiment. The yield of products decreased while amout of catalyst 

increased more than 10mg. It may be, due to the formation of aglomeration of catalyst 

and less avaiability of catalyst surface for the photo0reduction and adsorption of gas.  

While, in case of CeO2, due to the larger band gap than that of energy of visible-light 

photons, no remarkable yield of methane and methanol is obtained. Both these 

products (methane and methanol) are neither observed in the dark nor in the absence 

of Photocatalyst or CO2 which indicates that the production of these products are 

mainly due to the photocatalyst, visible light irradiation and CO2. 

Photocatalytic efficiency is decided by two main factors; firstly rate of surface 

charge carrier transfer and secondly rate of electron hole recombination. It is can be 

seen from the clear from the figure 3.2.8 that yield of CH4 and CH3OH is high in case 

of CdS/CeO2 core/shell composite than that of single semiconductor i.e. CdS and 

CeO2. The yield of products increases with the increasING of irradiation time. The 

increase in the photocatalytic activity of CdS/CeO2 composite is due to 

thermodynamically favourable efficient transfer of electron from the condction band 

of Cd 4d orbital to the empty 4f band of Cewhich facilitates electron-hole separation, 

as shown in figure 3.2.7 and suppresses the recombination.  This is confirmed by 

Photoluminescence (PL) emission spectra (Figure 3.2.9).  

PL spectra were recorded at 489nm for CdS and CdS/CeO2 and are shown in 

figure 3.2.9. Pure CdS shows a strong emmition peak at 574nm. The high intense 

peak of pure CdS is due to the luminance appearing by the recombination of holes 

formed in S1s bands and electrons in the Cd4d (or 5s) band. The Emission peak 

becomes very weak in case of CdS/CeO2 composite as compare to pure CdS. Such 
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observedhigher PL intensity of CdS than that of CdS/CeO2 implies alarge probability 

of charge carrier recombination in CdS. That isto say, formation of the core/shell 

structure can efficientlyseparate the photogenerated charge carriers and, 

thereby,inhibit the recombination, leading to enhanced photocatalytic activity.  

CdS, which act as photosensitizer, shift response of photocatalyst from UV to 

visible region of light. CdS/CeO2 is type II core/shell composite in which conduction 

band of one semiconductor is higher than that of oxide semiconductor and such type 

of assembly provides the energy gradient at the interface which is very efficient in 

spatially separation of electron and holes on different semiconductors[Ivanov, S.A. et 

al. 2007].Figure 3.2.7 shows that the high energy electrons in the conduction band of 

core transfer outside to the conduction band of CeO2 shell.Therefore, the rate of 

production of CH4 and CH3OH for CdS/CeO2 is higher as compared to CdS and CeO2 

(table 3.2.3).In addition, that CdS/CeO2 has larger BET surface area than that of 

single semiconductor may also account for its higher photocatalytic activity. 

The detailed mechanism for the photo catalytic reduction of CO2 is still not 

clear, but it can be understood by the following way. Initially, when the visible light 

fall on the photocatalyst it create electron-hole pair in CdS as the energy of visible 

light is greater than the band gap of CdS (2.31eV). As the conduction band of CdS 

core is more negative so photogenerated electrons easily transfer to the conduction 

band of CeO2 shell and start the CO2 reduction process more efficiently. This process 

of electron transfer from the core to shell is faster than the electron-hole 

recombination rate as evidenced by PL intensity because of feasible band positions 

and core/shell assembly electron-hole pair recombination is suppressed. Hence it 

improves the photocatalytic activity. Meanwhile, as the oxidation potential for water 

is (0.81V versus SHE [Indrakanti, V.P. et al. 2009]) less positive than the valence 

band of CdS (1.52V versus SHE), photogenerated holes in Cd 4d orbital oxidised the 

water molecule to generate oxygen.  

The reason for the higher yield of CH3OH may be based on the energy alignment 

(Figure 3.2.7) as the reduction potential for CH3OH is energetically better aligned 

with the conduction band of CeO2 than CH4. Moreover, CH3OH is dynamically more 

favourable since it involves 8 protons and 8 electrons.  
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3.2.5: Photocatalytic Reduction Activity 
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Figure 3.2.8:  Yield of methane (a) and methanol (b) during photocatalytic reduction 

of CO2 under visible light by using CdS, CeO2 and CdS/CeO2 coreshell composite as 

a function of time. 
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Table 3.2.3: Maximum yield and rate of production of methane and methanol during 

photocatalytic reduction of CO2 under visible light using CdS, CeO2 and CdS/CeO2 

composite 
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Figure 3.2.9: PL spectra of CdS andCdS/CeO2 coreshell composite 

 

Product CeO2 CdS CdS/CeO2 

Rate 

(µmol/

g-h) 

Maximum 

yield 

(µmol/g) 

Rate 

(µmol/

g-h) 

0.1 

Maximum 

Yield 

(µmol/g) 

0.1 

Rate 

(µmol/

g-h) 

0.1 

Maximum 

yield 

(µmol/g) 

0.1 

CH4 0 0 1.22 13.03 3.10 28.31 

CH3OH 0 0 57.01 554.1 154.2 1755 
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3.2.6:Stability of CdS/CeO2 

Stability of photocatalyst is also very important along with the photocatalytic 

efficiency for practical application. The XRD and SEM are recorded after 

photoreduction to investigate the stability of photocatalyst. Figure 3.2.10(a&b) show 

SEM images of CdS and CdS/CeO2 coreshell composite after photoreduction test and 

figure 3.2.10c shows XRD pattern of CdS/CeO2 after photoreduction test. SEM image 

(figure 3.2.10a) show that morphology of CdS change into irregular shaped 

agglomerated particle from the microsphere (figure 3.2.2b) after photoreduction test, 

indicating thatthe CdS undergoes serious corrosion upon photocatalysis. while 

CdS/CeO2 core/shell composite (figure 3.2.10b) show microspheres with somewhat 

melted form and smaller in size than that of before photoreduction (figure 3.2.2c) but 

the shape is remained unchanged even after 10 hour irradiation though, photocatalytic 

activity may decrease slightly after first run. Similarly, it has been reportedthat 

coating a protective cap of stable oxide can prevent thephotocorrosion of metal 

sulphide [S. Singh and N. Khare, 2015].This is further confirmed by XRD results 

(Figure 3.2.10c). It is clear that diffraction Peaks of both CeO2 and CdS can be 

observed in CdS/CeO2 core/shell composite after photocatalytic testThus, the 

presence of stableCeO2 protective layer onto the CdS core can lead to not onlythe 

enhancement in photocatalytic efficiency, but also thestability of photocatalyst. 

3.2.7: Conclusion 

The pure fluorite cubic structured CeO2 nanoparticles, cubic CdS microspheres 

and CdS/CeO2 core/shell composite is fabricated and used for the photocatalytic 

reduction of CO2 with water as a solvent under visible-light illumination. Methane 

and methanol are detected as major products for CdS and CdS/CeO2 composite under 

visible light. The results show that encapsulated CdS microspheres with CeO2 shell 

not only show higher photocatalytic efficiency but also very good stability. This is 

due to the core/shell type II assembly of CdS/CeO2 composite. The covering of CeO2 

semiconductor restrains the photocorrosion of CdS, reduce the chance of 

recombination of photogenerated charge carriers and provide energetically favourable 

states to perform photocatalytic reactions.  
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3.2.6:Stability of CdS/CeO2 

 

 

 

Figure 3.2.10: SEM images of (a) CdS (b) CdS/CeO2after photoreductionand XRD 

spectra of(c) CdS, CdS/CeO2(after photoreduction) and CeO2 
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Flower-like CdS/CdV2O6 composite for visible-light 

photoconversion of CO2into CH4 

 

Other than environmental issues such as pollution and global warming, several 

energy-related problems are also associated with the rapid utilization of fossil fuels 

owing to increase in world population and rapid industrialization [Zhou, Y. et al. 

2011; Tahir, M. et al. 2013]. Research in the field of carbon-free alternative energy 

sources, recycling of carbon dioxide, and towards the higher efficiencies of carbon-

based energy systems has been growing since the past few years to address the issues 

associated with environment and energy [Usubharatana, J. et al. 2006]. For its 

practical realization, semiconductor-based photocatalysis is the most significant and 

rapidly emerging strategy due to its tremendous applications in the degradation of 

organic pollutants, water splitting and reduction of CO2 into rapidly transportable and 

stable fuels i.e., solar fuels (carbon monoxide (CO), methane (CH4), methanol 

(CH3OH) and like) [Chen, J. et al. 2013]. 

Recently, utilization of solar energy in case of photocatalytic reduction of CO2 

over semiconductors has attracted much attention as a remedy for environmental 

problems. But majority of the systems used only respond to the UV-light that 

corresponds to only ~ 4 % of the total solar spectrum. Therefore, to bring this activity 

in visible-light that corresponds to 43 % of the solar spectrum is a challenging task 

[Zhou, Y. et al. 2010]. Apart from various metal oxide semiconductors, vanadates are 

also widely used as photocatalysts and electrode materials due to their rich structural 

chemistry and suitable band alignment [Ke, D. et al. 2009; Li, J.S. et al. 2008; Xi, G. 

et al. 2010; Hom, N.L. et al. 2013]. Among oxides vanadates are visible-light-driven 

photocatalysts. According to theoretical studies, the position of “V” 3d orbital is low 

in energy spectrum and hence bottom of conduction band that is formed by the “d” 

orbital of transition metals in metallic oxides is lower than that of other transition 

metal oxide [Oshikiri, M. et al. 2002;]. Therefore, band gap of vanadate-based 

semiconductors is narrow which makes them effective visible-light responsive 

semiconductors. Most of the vanadates such as BiVO4 [Jiang, H. et al. 2012], InVO4 

[Zhang, Y.L.M.K. et al. 2011], Cd2V2O7 and CdV2O6 [Li, D. et al. 2013] have been 

extensively used as visible light active photocatalysts. However, to the best of our 

knowledge, work related to photocatalytic reduction of CO2 on vanadates is not 
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reported. But, Vanadates have low adsorption ability and rapid charge carrier 

recombination which limit their utility as single photocatalysts [Zhang, Y.L.M.K. et 

al. 2011; Saravanan, R. et al. 2013]. Hence combination of another suitable 

semiconductor material with vanadate is of great interest and importance. Coupled 

semiconductors in the form of well-established heterostructure also provide better 

charge separation capability due to two different energy level systems. For this 

purpose, metal sulphides are potentiaLl visSible-light driven photo0catalyst due to 

their narrow band gap and suitable position of conduction band [Yu, J. et al. 2012; 

Quanjin, X. et al. 2013]. 

Moreover, it is reported in literature that heterostructure having one common 

ion (e.g. AB/AC) perform very well and exhibit high catalytic efficiency [Ehsan, 

M.F. et al. 2015].  The interface in such type of heterostructure act as an additional 

barrier which separates the photogenerated charge carrier in different layers because 

energy gap of interface is larger than that of constituents and enhance the 

performance of catalyst. Combination of CdV2O6 with CdS in the as a common cation 

superstructure would not only enhance the stability of CdS against undesired 

photocorrosion, but will also reduce the chance of electron-hole recombination and 

enhance response in visible region of solar spectrum. 

By using the driving force of solubility product difference, compound of high 

solubility product can be converted in to low solubility product compound. In the 

present work, CdV2O6 is chemically converted into CdV2O6/ CdS composite by anion 

exchange under the influence of solubility product difference. By controlling anion 

exchange at limited level, small amount of CdV2O6 is converted into CdS that results 

in the formation of CdV2O6/CdS composite. The structural properties, photoreduction 

ability and the stability of the composite system have also been investigated in detail. 
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3.3.1: Phase Analysis 

 

Figure 3.3.1(a&b) shows the X-ray diffraction (XRD) patterns for 

CdV2O6 and CdS/CdV2O6 composite synthesized with different amount of 

thiourea. All the characteristic peaks of CdV2O6 (Figure 3.3.1a) are assigned to 

the crystal planes of monoclinic CdV2O6 and this pattern is well matched with 

standard pattern (JCPDS cards # 22-0133).XRD Patterns of composites shows 

that the major peaks (represented by symbol) belong to CdV2O6 in all the 

patterns while the peaks at 2θ = 26.493⁰, 28.252⁰ and 43.849⁰(represented by 

symbol *) corresponding to the Miller Indices (033), (240) and (107) crystal 

planes, respectively, are assigned to the orthorhombic CdS (JCPDS cards # 47-

1179). The intensity of the peaks related to CdS enhanced gradually with 

increasing the amount of thiourea from 0.005 mmol to 0.06 mmol. All the 

peaks in the sample with thiourea (0.005 mmol) are related to the CdV2O6 and 

no peak was observed for CdS. However, characteristic diffraction peak of CdS 

at 43.8491⁰ starts appearing in case of 0.01 mmol thiourea and then became 

prominent when concentration of thiourea was further increased to 0.06 mmol. 

It is previously reported that thiourea is decomposed to S2‾ ion and other by-

products at 50⁰C in aqueous solutions [Ma, D.K. et al. 2012].  At very high 

pressure, some of the CdV2O6 sheets of rods dissociate into Cd+2 ions, and it 

leads to the formation of CdS in the presence of S2‾ ions. It might be attributed 

to low solubility product of sulfides as compared to vanadated [Ma, D.K. et al. 

2012]. Solubility difference is the driving force for the synthesis of such 

composite. Another possibility for the formation of composite is that in the 

presence of water and high pressure thiourea give H2S gas which then further 

reacts with Cd2+ ions to form CdS crystals [Wang, S. et al. 2006]. As the 

amount of thiourea is increased, more CdS was formed may be due to pilling 

up of CdS crystals. 
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3.3.1: Phase Analysis 
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Figure 3.3.1: XRD pattern of (a) CdV2O6 and (b) CdS/CdV2O6 compositeprepared 

with different amount of Thiourea 
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3.3.2: SEM and TEM analysis 

 

Scanning electron micrographs of the as prepared samples are shown in Figure 

3.3.2(a-e). Figure 3.3.2(a) reveals that CdV2O6 appears in the form of bundles of rod-

like structures. Bundle width range from 10m to 15m. However, Length of 

individual rod ranges from 3μm to 5μm with average diameter of 300 nm. 

Morphology of the CdS/CdV2O6 composite synthesized with different amount of 

thiourea is analysed through SEM images as shown in figure 3.3.2(b-e). No clear 

difference in the morphology was observed when 0.005mmol of thiourea is used 

except the bundle like structure was converted into separate rod of width about 

100nm. The length of the rods ranges from 1m to5m. With the increase in amount 

of thiourea, CdV2O6 rods become thinner and start bending and folding into flower-

like hybrid superstructures. The flowers apper in the form of bunches. It is clear in the 

inset of figure 3.3.2(d) that rod eventually converted into ribbon which is then folded 

to form flower-like hybrid heterostructure. Such flower is uniform in morphology at 

higher concentration of thiourea (Figure 3.3.2e).  

TEM image of CdS/CdV2O6 composite prepared by 0.06 mmol of thiourea 

(Figure 3.3.2f) shows flakes- or petals-like structure that seems to be growing from 

the rods. HRTEM image is recorded from the selected area of rod having flakes 

(Figure 3.3.2g).  The d-spacing of 0.315 nm at flakes is indexed to the (240) plane of 

orthorhombic CdS, while lattice fringe with d-spacing 0.325 nm of rod corresponds to 

(-202) plane of monoclinic CdV2O6 which comparable to the exposed lattice plane of 

CdV2O6 single rod as well (Figure 3.3.2h). It is confirmed from result of TEM and 

HRTEM that bunches of flower-like heterostructure consist of CdS/CdV2O6 

composite and both component of composite are homogeniously distributed in flower 

as shown by EDX elemental mapping (figure 3.3.3)  
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3.3.2: SEM and TEM analysis 

 

Figure 3.3.2:SEM images of (a) CdV2O6 and (b-e) CdS/CdV2O6 composite 

prepared by different amount of Thiourea: (b) 0.005 mmol, (c) 0.01 mmol, (d) 

0.03 mmol, (e) 0.06 mmol (f) TEM image of CdS/CdV2O6 heterostructure 

composite and HRTEM image of (g) CdS/CdV2O6 heterostructure 

composite(h) CdV2O6 
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3.3.3:EDX Mapping, XPS and BET Analysis 

 

EDX elemental mapping analysis was performed over a single bunch of flower 

(Figure 3.3.3a). The results show that “Cd”, “S”, “V” and “O” elements are 

homogeneously distributed on whole sample which confirms the formation of 

CdS/CdV2O6 composite. XPS was used for surface analysis of prepared composite. 

The C1s at 284.60 eV has been used as reference to calibrate the peak positions of 

other elements in the XPS spectra. The XPS survey scan of CdS/CdV2O6 composite 

(Figure. 3.3.4a) clearly indicates that composite consist of “Cd”, “S”, “V” and “O” 

without any other impurity. The valance state and coordination information of as 

synthesized product was obtained by high resolution XPS scan (Figure. 3.3.4b-e). 

Two strong peaks at 524.4eV and 517.3eV (Figure 3.3.4b) are in agreement with the 

V5+ of CdV2O6. The peaks with binding energies of 411.12eV and 405.1eV can be 

assigned to the Cd2+ of Cd3d3/2 orbital and Cd3d5/2 orbital respectively (Figure 

3.3.4c). The peak at 530.1eV can be attributed to the binding energy of O2- in CdV2O6 

(Figure3.3.4d). The observed values of 163.0eV and 162.0eV assigned to the 

transition related to S 2p (Figure 3.3.4e). 

Adsorption and desorption Nitrogen isotherm was used to investigate the 

texture of the composite and surface area was calculated by BarretJoynerHalenda 

(BJH) methd.  Nitrogen adsorption and desorption isotherm (Figure 3.3.5a&b) for the 

CdV2O6and CdS/CdV2O6 composite corresponds to type 2 with a hysteresis loop. The 

sharp increment of adsorption of N2 may be due to the capillary, and according to 

literature, such behaviour indicates the presence of macropores [Subramanian, B. et 

al. 2013].  Average pore size of CdS/CdV2O6 composite (465.15 Ǻ) is higher than the 

single CdV2O6 (257.0 Ǻ).  Average pore volume of CdS/CdV2O6 composite at P/P⁰ = 

0.972 is found to be 0.11 cm3/g.  37.01 m²/g BET surface area of the composite is 

higher than that of prepared CdV2O6 (8.51m²/g).  Enhanced surface area and higher 

pore size distribution in the  composites provides more active sites for the easy 

transport of charge carrier, and efficient adsorption of the reactant molecules, 

respectively [Shen, Z. et al. 2012].  
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3.3.3:EDX Mapping, XPS and BET Analysis 

 

 

 

Figure3.3.3:  (a) TEM image of CdS/CdV2O6 composite, corresponding EDX 

elemental mapping images of (b) Cd, (c) S, (d) V and (e) O 
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Figure 3.3.4:(a) XPS survey scan of CdS/CdV2O6 composite andhigh-resolution XPS 

spetra of (b) V2p, (c) Cd3d, (d) O1s and (e) S2p 
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Figure 3.3.5: N2 adsorption and desorption isotherm of (a) CdV2O6 (b)CdS/CdV2O6 

composite. 
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3.3.4: Alignment of Energy Levels 

 

Alignment of energy level plays an imprtant role in the photocatlytic activity of 

a catalyst. It is analysed with the help of UV/Visible absorption and XPS valance 

band spectra. The UV/Visible diffusSe reflectance spectra for CdS, CdV2O6 and 

CdS/CdV2O6 were recorded in the range of 250-850 nm. These diffuseD reflectance 

spectra areconverted in to absorption spectraS on the basis of Kublka-Munk function 

[Izumi, Y. et al. 2009] and are also shown in figure 3.3.6(a-c), respectively. A 

remarkable increase in the absorbance in visible region of spectrum was observed in 

the case of CdS/CdV2O6composite as compare to single CdV2O6 (Figure 3.3.6a).  

Davis and Mott equation (eq. 3.3.1) was used via Tauc plot (inset of Figure 

3.3.6b&c) to calculate the band gap values for CdS and CdV2O6 

 

𝛼 × ℎ𝜈 ∝ (ℎ𝜈– 𝐸𝑔)1/2                                       (3.3.1) 

 

Where, α, h and ν are adsorption coefficient, Plank constant and wave number, 

respectively [36]. The vertical segment of each Tauc plot ((αhν)2 vs. hν) is extra 

plotted to intersect the x-axis (hν axis) to analyse the band gap values. These values 

are listed in table 3.3.1 and are in agreement with the prviously reported values [Li, 

D. et al. 2013;  Yu, J. et al. 2014]. 

Valance band position of CdS and CdV2O6 was evaluated by XPS valance band 

spectra (Figure 3.3.6d&e). The values of valance band (VB) and conduction bands 

(CB) are mentioned in table 3.3.1. These positions are used to draw the energy 

diagram of CdS/CdV2O6 composite (Figure 3.3.7) that represents the schematic 

illustration for the photocatalytic reduction of CO2 into CH4. A shown in figure 3.3.7, 

photogenetrated charge carriers can be separated by transfFer of electron from the 

conductionD band of CdS to the conduction band of CdV2O6,and holes might also be 

transfered from valance band of CdV2O6 to the valence band of CdS. Such an 

alignment of the energy levels seems to facilitate these complex photoreactions. 
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3.3.4:Alignment of Energy Levels 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 3.3.6: UV/Visible spectra of (a) CdS/CdV2O6 composite and CdV2O6 

(b) CdS (c)CdV2O6  and  XPS valance band spectra of (d) CdS (e) CdV2O6 
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Table 3.3.1: Band positions and band gap values of CdS andCdV2O6 

 

 

 

 

Figure 3.3.7:Alignment of the energy levels and proposed scheme for the 

photoreduction of CO2 with CdS/ CdV2O6  composite under irradiation of λ ≥ 

420 nm 

 

Compound CdS CdV2O6 

Valance band position (V) Vs SHE 1.51 2.38 

Conduction band position (V) Vs SHE -0.81 -0.35 

Band Gap eV 2.32 2.73 
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3.3.5:Photocatalytic Reduction of CO2 

The as synthesized products (CdV2O6 and CdS/ CdV2O6 prepared by 0.06 

mmol of thiourea) have been applied for the photocatalytic reduction of CO2 with 

water using visible light ((λ ≥ 420 nm) irradiation for 10 hours in order to check their 

catalytic activity. Methane (CH4) was found as the only major product. Some 

controlled experiments (dark experiments with, without catalyst and CO2, blank 

experiment with and without light) were also performed and no CH4 was detected 

which confirms that CH4 is being produced only as a result of the photoconversion of 

CO2 under visible-light and not from any other impurities or surrounding factors.  

The production of methane as a function of time is shown in figure 3.3.8 and 

the maximum amount of CH4 obtained in case CdV2O6 was 14.53 μmol/g (table 3.3.2) 

which is lower than that obtained in case of CdS/CdV2O6 (54.72 μmol/g). 

Photocatalytic efficiency mainly depends on the following two factors: (a) rate of 

electron transfer and (b) rate of electron-hole recombination. The enhanced 

photocatalytic efficiency of CdS/CdV2O6 can be explained on the basis of alignment 

of energy levels. As the visible-light is illuminated it results in the generation of 

electron-hole pairs. Since the conduction band minimum of CdV2O6 is less negative 

and valance band maximum is more positive than that of CdS, photogenerated 

electron transfer from CB of CdS to CB of CdV2O6 while holes transfer from valance 

band of CdV2O6 to that of CdS. This process of electron transfer is faster than the 

electron-hole recombination because of feasible band positions of composite [Zhang, 

L. et al. 2009]. According to previously reported mechanism [Ehsan, M.F. et al. 2014] 

electrons in the CB of CdV2O6 play major role in the photocatalytic reduction of CO2. 

Based on the aforementioned discussion, the CdS/CdV2O6 composite provides 

efficient charge transfer and hence suppresses the recombination of the 

photogenerated charge carriers which leads to the higher activity. Such enhanced 

charge separation ability of CdS/CdV2O6 composite can be confirmed by the low 

intensity of the photoluminescence spectral peak in case of CdS/CdV2O6 composite as 

compared to that of CdS and CdV2O6 (Figure 3.3.9).   

Apart from band alignment, existence of common cation (Cd2+) might be the 

reason of enhanced photocatalytic activity of CdS/CdV2O6 composite [40].The 

presence of common cation might also minimize the electron-hole recombination. 

The interface in the present case may act as an additional barrier that would minimize 
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the recombination of photogenerated charge carriers and hence results in enhanced 

photocatalytic activity. That’s why such a low quantity (10 mg) of composite gives 

high yield of methane than that of single semiconductor. Morphology also plays a 

vital role in the catalytic activity. As it is clear from the inset of figure 3.3.2e flowers 

of composite are formed by the combination of plate like very thin nanosheets with 

high surface area (37.0 m²/g). Such thin sheets provide short transport distance for the 

charge transfer to the surface [Ehsan, M.F. and He, Tao., 2015] and enhance the 

photocatlytic reduction ability than that of thick rod bundles.    

The mechanism for the photo catalytic reduction of CO2 can be described 

as when the visible light falls on the photocatalyst, it results in the formationS 

of electronhole pairs in CdS as well as in CdV2O6. This process starts with the 

generation of electron-hole pair on absorption of visible light [Tseng, H.I. et al. 

2002]. The oxidation potential for water is 0.82 (at neutral pH) versus standard 

hydrogen electrode (SHE) as reported earlier [Indrakanti, V.P. et al. 2009]. The 

valence band of CdS (1.51 V versus SHE) indicates that water can be easily 

oxidized by the holes present in the valence band. It is believed •OH is 

produced by the absorption of photogenerated holes by water which 

subsequently give H+ and O2 by absorption of further holes. Then •H radical is 

generated with the reaction of electrons with H+. Meanwhile, with the oxidation 

of water the activation and reduction of CO2 takes place which is initiated with 

the production of negative and metastable superoxide (•CO2
-) radical from the 

reaction of CO2 with the  photogenerated electrons in the CB [Xia, X.H. et al. 

2007; Abou Asi, M. et al. 2011] of CdV2O6 and to some extant CdS. The •CO2
- 

radical can easily formed in case of water and the other solvents having high 

dielectric constants, [Liu, B.J. et al. 1998].It is reported previously that electron 

hole (M+─O-) surface centres are created upon irradiation on metal oxide 

semiconductor [Indrakanti, V.P. et al. 2009]. The M+ surface centres might be 

involved in altering the unoccupied molecular orbital of CO2 with the C-O-C 

bond angle which then facilitate the conversion of CO2 into •CO2
- radical. CO 

is produced by the reaction of •CO2
- with •H radical which is then converted 

into •C radicals through successive reactions followed by the formation of a 

series of •CH, •CH2 and •CH3 radicals. Finally, generation of CH4 may take 
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place by the reaction of •CH3 radical with H+ through carbide mechanism 

[Tahir, M. et al. 2013]. 
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Figure 3.3.8:  Yield of methane during photocatalytic reduction of CO2 under 

visible light by using   CdV2O6 and CdS/ CdV2O6 composite as a function of 

time 

 

Table 3.3.2: Maximum yield and rate of production of methane and methanol 

during photocatalytic reduction of CO2 under Visible light using CdS/CeO2 

composite 

 

Product Rate 

(µmol/g-h) 

Maximum yield 

(µmol/g) 

CdV2O6 1.311 14.82 

CdS/ CdV2O6 5.555 54.70 
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3.3.5: Photocatalytic Reduction of CO2 
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Figure 3.3.9: PL spectra of CdS, CdV2O6 and CdS/ CdV2O6composite 

 

 

3.3.6 Stability of CdS/CdV2O6 

Stability of photocatalyst is also very important along with the 

photocatalytic efficiency for practical applications. The stability was 

investigated by recording SEM after photoreduction experiment (Figure.3.3.10 

(a&b)) and using the same photocatalyst for several runs (Figure. 3.3.10c). 

SEM image of CdS/CdV2O6 composite show no remarkable change in 

morphology even after 10 hr photoreduction experiment. Furthermore, almost 

5% change in yield of product can be observed after several runs under the 

visible light irradiation. Thus synthesised CdS/ CdV2O6 composite show not 

only better photocatalytic efficiency but stability as well. 
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3.3.6 Stability of CdS/CdV2O6 
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Figure 3.3.10: SEM image of CdS/CdV2O6 composite (a) before and 

(b) after photoreduction (c) various runs for the Visible light irradiated 

catalytic conversion of CO2 to CH4 over flower like CdS/CdV2O6 

composite 
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3.3.7: Conclusions 

Flower-like CdS/CdV2O6 composite has been fabricated by chemical 

conversion of already synthesised rod shaped CdV2O6 and applied for the 

photocatalytic reduction of CO2 with water as a solvent under visible-light 

illumination. Methane is detected as major products for CdS and CdS/ CdV2O6 

composite under visible light. The results show that flower-like CdS/CdV2O6 

composite not only shows higher photocatalytic efficiency but also very good 

stability due to the suitable band alignment and common ion which supresses 

the electron-hole recombination. Moreover, large surface area of composite 

also provides large number of active sites that leads to higher photocatalytic 

activity.In comparison with other two composite this show higher activity due 

to the more distance in the conduction bands of two components.  
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