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SYNOPSIS 

 The look for renewable sources of energy is a most important thrust area as an 

alternative to conventional energy sources due to very high emission levels of 

environmental polluted gases (greenhouse gases) like carbon dioxide (CO2), carbon 

monoxide (CO), nitrogen oxides (NOx), sulphur dioxide (SO2), phosphorous pentaoxide 

(P2O5) and other traditional fossil fuels like hydrocarbons [1]. Furthermore, the 

processing cost for the generation of electrical energy from conventional sources like 

fossil fuels and nuclear elements increases significantly. In addition to this, the social and 

environmental considerations, such as the cost for securing reliable oil supplies, process 

nuclear wastes, and to relief disasters caused by global climate changes, etc, are 

increasing day-by-day [2]. While the generation of electricity from non-renewable energy 

sources is released a large amount of CO2 and nuclear radiations, which affects the big 

environmental issues like global warming and health issues for human beings. So it is 

necessary to replace these conventional sources with non-conventional one [3]. Among 

the various renewable energies, solar energy is considered as the most favourable for its 

usefulness. Moreover, the solar ultraviolet radiations striking on the earth's surface have 

no cost, clean, sustainable, eco-friendly and commonly dispersed over the entire global 

[4]. So the light conversion route of these solar radiations into electrical power by using 

the optical and electronic properties of appropriate materials shows to be a graceful 

energy conversion process and an ideal alternative to conventional energy sources. This 

clearly confirms the solar modules are the best solution for converting solar energy into 

useful electrical energy [5].  
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During the past few decades, nanomaterials have emerged as the new building 

blocks to construct solar energy harvesting assemblies. Nanotechnology is believed to 

revolutionize the industry in the coming years and will have a significant economic 

impact allowing a considerable cost reduction of the photovoltaic energy, both by 

reducing the cost of the devices and by increasing efficiencies [6]. Size-dependent 

properties such as size quantization effect in semiconductor nanoparticles and quantized 

charging effect in metal nanoparticles provide the basis for developing new and effective 

light energy harvesting systems [7]. These nanostructures provide innovative strategies 

for designing next-generation energy conversion devices. Tailoring the optoelectronic 

properties of metal oxide nanoparticles by organizing chromophores of specific 

properties and functions on nanoparticles can yield photoresponsive inorganic 

nanohybrid materials. Amongst the various types of nanomaterials, semiconductor 

nanoparticles have been widely investigated in recent years [8].  

In order to improve the photo-efficiency of photovoltaic devices (solar cells), 

various methods are used such as doping of right dopant ions (transition and inner 

transition metal ions) into bare nanomaterial lattice [9]. Doping the impurity ion is known 

as one of the effective ways to manipulate the internal properties of host material such as 

crystalline structure and crystallite size. Many attempts have been made to tune the band 

gap by varying the composition of transition metal ions. It is possible to decrease the 

band gap by using right dopants [10]. In addition, a few reports of present years 

suggested that transition metal doped semiconductors could possess interesting optical 

properties. The origin of these improved photo-reactivities is clearly related to the 

efficiencies of the doping centers in trapping charge carriers and interceding in the 
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interfacial transfer. Trapping either an electron or hole alone is ineffective for the 

generation of photocurrent because immobilized charge species quickly recombines with 

mobile counterpart. Thus, metal ions can also serve as charge trapping sites and thus 

reduce electron-hole recombination rate [11]. In order to reduce the band gap of 

semiconductors, incorporation of certain amount of transition and rare earth metal such as 

Cr, Er, Ce, Cu, Gd, Mn and V has extensive importance. Doping of these metals 

essentially reduces the band gap of semiconductors for the photo-excitation and 

simultaneously reduces the recombination rate of photogenerated electron-hole pairs [12]. 

The effect of doping on the activity of semiconducting nanomaterials depends on number 

of key factors, e.g. the method of doping, synthesis route and the concentration of dopant 

[13]. Therefore, looking for a simple method and appropriate metal dopants are necessary 

for the large-scale synthesis of metal-doped nano semiconductors.  

Recently, numerous methods, such as electrochemical [14], solvothermal [15], 

solid-state [16], hydrothermal [17], sol-gel [18] have been developed for synthesizing 

uniform nano-sized pure and doped metal oxide particles. The metal oxide nanoparticles 

exhibit novel electrical, mechanical, chemical and optical properties due to the larger 

surface area and quantum confinement effects [19]. Among these methods, the 

microwave-assisted synthesis has gained more importance due to its advantages of being 

fast, simple and more energy efficient [20-21]. Compared to the conventional heating 

process, (a) microwaves generate high power densities, enabling increased production 

speeds and decreased production costs, (b) microwave energy is precisely controllable 

and can be turned on and off instantly, eliminating the need for warm-up and cool-down, 

(c) microwave energy is selectively absorbed by areas of greater moisture resulting in 

more uniform temperature and moisture profiles, and d) microwave method gives 
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improved yields and enhanced product performance [22]. Therefore, the fabrication of 

transition metal oxides with different morphology for the solar energy harvesting has 

been the target of scientific interests in recent years because of their unique properties and 

fascinating applications in optoelectronics [23]. 

Dye-sensitized solar cells (DSSCs) are the most promising photovoltaic devices in 

the third generation solar cells for achieving good energy conversion efficiency at low 

cost [24]. It was firstly reported by the Michael Gratzel and Brian O’Regan in 1991, so it 

is also called as “Gratzel cell”. After this invention, DSSCs have gained more importance 

in the various fields like chemistry, physics and materials science due to their low 

processing cost and easy fabrication method compared to Si-based conventional solar 

cells [25].  

In DSSCs, the heart of the system is a mesoporous oxide layer composed of  

metal oxide nanoparticles sintered on a transparent conductive glass substrate, such as 

indium-doped tin oxide (ITO) or fluorine-doped tin oxide (FTO) glass. This mesoporous 

oxide film acts as a high surface area support for the sensitizer, a pathway for electron 

transportation and a porous membrane for the diffusion of the redox couple [26]. 

Specifically, nanocrystalline semiconductor oxide (typically TiO2) nanoparticles, which 

adsorb dye molecules onto their surface and transport photo-generated electrons to the 

outer circuit, serve as electron conductors and state the efficiency of electron transport 

and collection [27]. By this, the solar energy-to-electricity conversion efficiency for the 

best DSSCs has now been enhanced from 12 to 14%, with various recent efforts                  

directed mainly towards developing better inorganic electrode materials and organic 

sensitizers [28].  
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Zinc oxide (ZnO) is one of the significant metal oxide semiconductors with a 

wide energy gap of 3.31 eV and large excitation binding energy (60 eV) [29]. These 

unique characteristics make it suitable to various applications, such as optical coating, 

solar cells, gas sensors and photocatalyst [30]. In fact, doping of right dopant, structure, 

and size play a vital role in the optical and electrical properties of ZnO nanostructures, 

which can be controlled by the different routes of the nanostructure growth. Therefore, 

many methods have been created to synthesize ZnO nanostructures including microwave 

combustion method, solvothermal method, sol-gel method, hydrothermal method, an auto 

combustion method, ultrasonic and chemical vapor deposition methods [31]. As 

mentioned above, the doping of ZnO with right dopants offers an effective method to 

enhance and control its electrical properties. The elements such as  Au2+, Ce3+, Eu3+, In3+, 

Cu2+ and Cr3+ have been doped in order to control the optical and electrical properties of 

host ZnO materials. Moreover, undoped and doped ZnO has considered being a potential 

commercial material due to its low-cost, non-toxicity, and abundant availability in nature. 

By this, ZnO is being used in the fabrication of third-generation dye-sensitized solar cells 

(DSSCs) [32]. 

Copper oxide (CuO) is an important semiconducting transition metal oxide with 

a monoclinic crystal structure and it has been studied as a p-type semiconducting metal 

oxide with a bandgap of 1.7 eV [33]. The CuO is being used as a novel material because 

of the ease of availability of raw materials, low processing cost, non-toxic nature, 

excellent thermal stability, good optical and electrical properties [34]. The unique 

physical, chemical and electrical properties of CuO nanoparticles have many potential 

applications in the fields of photocatalyst, batteries, gas sensing, solar cells and 

biosensors [35]. It has been highlighted that the crystal shape and size are the two 
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important considerations to control the optical and catalytic properties of CuO 

nanoparticles [36]. Furthermore, in the recent research the main focus is given to tune the 

energy gap of CuO. Doping of several metal ions into the host lattice of CuO is one of the 

significant routes to alter the energy gap of CuO [37]. Chiang et al. reported the effects of 

Ni doping on the photoelectrochemical properties of CuO thin film photo-electrode. They 

found that the photocurrent density was decreased with the improved conductivity [38], 

M.  Iqbal et al. reported that the band gap of CuO increased upon Mn doping and they 

proved that the Mn-doped CuO nanowires are much photoactive than the undoped CuO 

nanowires [39]. 

Cadmium oxide (CdO) is transparent conducting oxides materials that hold both 

high electrical conductivity and high optical transparency (>80%) in the visible light 

region of the electromagnetic spectrum [40]. CdO is an n-type semiconductor with nearly 

metallic conductivity. Its indirect and direct bandgaps of are in the range of 2.2-2.5 eV 

and 1.3-1.98 eV respectively. Such a difference in both direct and indirect bandgaps is 

attributed to intrinsic cadmium and oxygen vacancies [41]. Due to its ionic nature 

coupled with its low electrical resistivity and high optical transmission in the visible 

region. Nanoscaled CdO has extensive applications as solar cells, windows, IR reflector, 

transparent electrodes, flat panel display and photo-transistor. It was proven that the 

structural, electrical and optical properties are very sensitive to the film structure and 

deposition conditions. Such transparent conductors are being used to comprehensively in 

thin films solar cells and optoelectronic devices [42].  

Titanium oxide (TiO2) nanoparticle is one of the promising materials for the 

fabrications of dye-sensitized solar cells (DSSCs). Because it has special properties like 

wide bandgap, suitable band edge levels for charge injection and extraction, the long 
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lifetime of excited electrons, exceptional resistance to photo-corrosion, non-toxicity and 

low cost [43]. TiO2 occurs naturally in three different forms; anatase (tetragonal), rutile 

(tetragonal) and brookite (orthorhombic). For DSSCs, anatase is the most commonly used 

phase due to its superior charge transport. The tetragonal anatase crystal structure is made 

up of a chain of distorted TiO6 octahedrons, which results in a unit cell containing four 

titanium atoms and eight oxygen atoms [44]. In addition, TiO2 is one of the most 

attractive wide bandgap transition metal semiconductor, non-toxic, highly stable and low 

commercial cost. Due to these properties, TiO2 gain more importance in the fabrication of 

photo-anode for dye-sensitized solar cells (DSSCs) with different structures such as 

nanotubes, nano-rods, nano-flower and nanofibers [45]. Most of the research focused on 

the modification of properties of TiO2 by changing the morphology, tuning of the phase 

or external doping by different approaches. Also, morphology, specific surface area, 

crystal phase and crystalline structure of TiO2 nanoparticles plays important role in solar 

cell performance [46]. 

Magnesium oxide (MgO) has a rock salt structure with Mg2+ and O2- ions are 

octahedrally coordinated, making bulk magnesium oxide a diamagnetic material with a 

wide band gap of 7.8 eV [47]. Due to its wide band gap, inexpensiveness, and long term 

stability, MgO is used in potential applications of numerous disciplines. It can be 

extensively utilized in the fields of translucent ceramics, refractory, plasma display panel, 

absorbents in many pollutants and superconducting products [48]. Due to good 

photocatalytic properties of MgO, it is being used in the form of an ultra-thin shell on the 

surface of some metal oxides such as SiO2, ZnO, and TiO2 to improve the efficiency of 

dye-sensitized solar cells. Magnesium oxide (MgO) has been used as an insulating layer 

in the TiO2 based DSSCs because of two important reasons: firstly, the MgO layer 
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protects the back electron transfer from the TiO2 layer to the electrolyte solution and 

hence, reduces electron-hole recombination; secondly, the MgO coating layer improves 

the dye adsorption, leading to an improved efficiency. Also, it is an eco-friendly material 

and is extensively used in many medical, industrial and agricultural products [49].  

Similar to photo-anode materials, many organic dyes are taking a significant role 

in the applications of dye-sensitized solar cells. The process of photosensitization play a 

vital role in absorbing some amount of visible light and photo exited electrons in the dye 

molecules that impinge into the conduction band of metal surfaces [50]. To achieve these 

functions, the dye molecules have to meet several conditions such as; the excited energy 

level (LUMO) of the dye should be slightly higher compared to conduction band of 

semiconductors, forming strongly bond with semiconductor surface, high absorption 

coefficient, wide spectrum of absorption in the visible region (redshift) and long term 

stability [51]. However, in past few years, most of the researchers have used ruthenium-

based complexes as effective sensitizers, due to their intense charge absorption capacity 

in the whole visible range and more efficient in metal-to-ligand charge transfer rate. But, 

in recent days the metal-free organic dyes are used as a sensitizer in the alternative to 

ruthenium related complexes. Because the ruthenium complex includes heavy metal, 

which is undesirable from the point of view of eco-friendly aspects and it has high price 

[52]. By this, the metal-free organic dyes of Eosin-Y, Fast Sulphon Black-F, Solochrome 

Black-T, Orange IV, SPDANS and Evans blue are used as sensitizers with acceptable 

efficiency. These metals free organic dyes have more absorption coefficient compared to 

transition metal complexes due to π-π* transition. Due to these features, most researchers 

have used metal-free organic dyes instead of metal complexes to improve the efficiency 

of DSSCs [53].  
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The present work is mainly focused on the synthesis and characterization of 

purely advanced semiconducting metal oxide nanoparticles, transition metal doped 

nanoparticles and their usage in low-cost dye-sensitized solar cells. The metal oxide 

nanostructures were synthesized by microwave combustion method with two different 

modes, such as solution and solid state mode. These metal oxide nanoparticles can 

exhibit an array of unique novel properties such as large surface area, high specificity, 

good reactivity and other properties, which can be an added advantages for industrial 

applications. The main aim of this work includes,  

• Synthesis of undoped (ZnO, CuO, CdO, TiO2 and MgO) and transition metal doped 

metal oxide (Cr-ZnO, Zn-CuO, Ni-CdO, Cr-TiO2 and Zn-MgO) nanoparticles. 

• Studies on the effect of doping on structural, optical and electrical properties of 

ZnO, CuO, CdO, TiO2 and MgO nanoparticles.   

• Sensitization of transition metal doped metal oxide nanoparticles (Cr-ZnO,                  

Zn-CuO, Ni-CdO, Cr-TiO2 and Zn-MgO).using Eosin-Y, SPADANS, Trypan blue 

and Evan’s blue dyes. 

• Evaluation of the consequence of dye sensitization on optical and electrical 

properties of synthesized transition metal doped semiconducting nanoparticles. 

The thesis entitled “Generation of dye-sensitized transition metal doped 

semiconductors for efficient solar energy harvesting - A Low-Cost method” 

comprises five chapters. 

Chapter-1 deals with the general introduction about nanomaterials and dye 

sensitized solar cells. It covers the literature review on history of solar energy conversion, 

DSSCs and their working principle, metal oxides for fabrication of DSSCs, nanomaterials 
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and their types, and various methods of synthesis of nanomaterials. At the end, the 

properties and applications of metal oxide nanomaterials were also described in detail. 

Chapter-2 outlines the broad aim and scope of the work. It highlights the 

significance and comprehensive approaches to the synthesis of semiconducting 

nanoparticles and their applications for DSSCs. 

Chapter-3 furnishes the methods and materials adopted in this work. This 

includes; 

• Preparation of ZnO, CuO, CdO, MgO, TiO2, Cr-ZnO, Zn-CuO, Ni-CdO, Cr-TiO2, 

and Zn-MgO nanoparticles using microwave combustion method. 

• Characterization of synthesized ZnO, CuO, CdO, MgO, TiO2, Cr-ZnO, Zn-CuO, 

Ni-CdO, Cr-TiO2 and Zn-MgO nanoparticles using X-Ray diffraction studies 

(XRD, Model: Bruker D8 Advance), Field-emission scanning electron microscopy 

(FE-SEM, Model: Nova Nano SEM600-FEI and FE-SEM Carl Zeiss AG-ULTRA 

55), Energy dispersive X-ray diffraction spectroscopy (EDAX, Nova Nano SEM 

600-FEI), Transmission electron microscopy (TEM, Model: Philips CM 200), 

Fourier transform infrared spectroscopy (FT-IR, Model: Bruker Alpha-T FT-IR 

Instruments), UV-Vis. spectroscopy (UV-Vis., Model: USB 4000, Ocean Optics) 

and photoconductivity method (I-V, Model: Kiethley Instruments Inc.2401). 

• Calculation of Crystalline size, Micro-Strain, Dislocation density and lattice 

constants of nanomaterials using XRD data. 

• Estimation of bandgap of nanomaterials using Tauc plot and Kubelka-Munk plot 

methods. 

• Preparation of Eosin-Y, Trypan Blue, SPADANS and Evans blue dye solutions at 

different concentrations. 
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• Calculation of HOMO and LUMO of dye molecules using cyclic voltammetry. 

• Fabrication of dye sensitized nanoparticle films using doctor blade method. 

• Measurement of optical absorption of dye sensitized nanoparticle films using             

UV-Visible spectral data. 

• Measurement of conductivity of dye sensitized nanoparticle films using Kiethley 

source meter. 

Chapter-4 includes synthesis, characterization and properties of ZnO, Cr-ZnO, 

CuO, Zn-CuO, CdO, Ni-CdO, TiO2, Cr-TiO2, MgO and Zn-MgO nanoparticles. This 

chapter is sub-divided into chapter 4.1- 4.7.  

Chapter-4.1 pertains to the synthesis, characterization and properties of ZnO and 

Cr-ZnO semiconducting nanoparticles. The lattice constants and band gap of synthesized 

ZnO and Cr-ZnO nanoparticles were calculated. The crystallinity of the samples was 

analyzed by X-ray diffraction studies (XRD). The doping property was analyzed by 

EDAX and UV-Visible spectrum for undoped and doped samples.  

Chapter-4.2 deals with the characterization and properties of CuO and Zn-CuO 

nanoparticles by microwave combustion method. The surface morphology was studied by 

SEM and TEM techniques. EDAX confirms the presence of Zn in Zn-CuO lattice. 

Optical properties and photoresponse of these materials have been studied.  

Chapter-4.3 presents the synthesis and characterization of CdO and Ni-CdO 

semiconducting nanoparticles synthesized by microwave combustion method. The 

prepared nanoparticles were characterized by XRD, FESEM, EDAX, UV-Vis. and I-V 

techniques. Effect of dopant on the optical and electrical properties of synthesized 

samples was studied.  
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Chapter-4.4 focused on the characterization of semiconducting TiO2 and Cr-TiO2 

nanoparticles. The surface morphology was studied by FE-SEM and TEM. The optical 

and electrical properties synthesized TiO2 and Cr-TiO2 was studied using UV-Vis. 

spectroscopy and I-V characteristic studies.  

Chapter-4.5 pertains to the characterization and properties of MgO and Zn-MgO 

nanoparticle synthesized by microwave combustion route. The structural, optical and 

electrical properties of these materials have been studied.  

Chapter-4.6 describes the synthesis, characterization and results of synthesized 

ZnO nanoparticles using different solvents by microwave combustion route. The 

prepared ZnO nanoparticles were characterized by XRD, FE-SEM, UV-Vis. and I-V 

techniques. The effect of solvents on optical and electrical properties was studied.  

Chapter-4.7 illustrates the structural, optical and electrical properties of 

synthesized ZnO nanoparticles under different microwave power via microwave 

combustion route. The structural morphology and elemental composition of synthesized 

ZnO samples were analyzed by FE-SEM and EDAX.  

Chapter-5 focused on the study of optical and electrical characterization of                   

dye-sensitized Cr-ZnO, Zn-CuO, Ni-CdO, Cr-TiO2 and Zn-MgO nanoparticles. This 

chapter presents the selection of various dyes for sensitization of synthesized 

nanoparticles to enhance optical absorption band.  The dyes Trypan blue, SPADANS and 

Evans blue were selected and their respective LUMO and HOMO levels were studied 

through cyclic voltametry. The synthesized doped nanoparticles were coated with these 

dyes and subjected for optical absorption studies. The optical and electrical properties of 

dye sensitized Cr-ZnO, Zn-CuO, Ni-CdO, Cr-TiO2 and Zn-MgO were studied via            

UV-Vis. spectroscopy and I-V characteristic studies.  
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1.1.  Energy and Electricity  

Today, energy is considered as one of the keystone in the economic growth of 

world. The continuous growth of world economy and industrialization across the world 

depends on the available natural resources which can be used as energy sources to power 

the machinery, heat homes and supply billions of individuals with electricity. Therefore, 

energy is one of the essential motivated sources for societal and world economies [1].           

At present days world research is mainly focused on the reduction of future energy crisis 

across the global by using various conventional and renewable energy sources. Among 

these, fossil fuels, nuclear materials as well as hydroelectric power are the most accepted 

energy sources. The fossil fuels such as oil, coal and gas are extensively used for the 

production of energy and transportation, which releases more and more CO2 in to 

atmosphere. This causes effect of global warming and also responsible for automatic 

climate change. Nuclear fuel is also used an alternative energy source for fossil fuels due 

to reduction of CO2 emission.  But, the storage of high energy radioactive waste is a 

difficult task in recent years [2]. Nowadays, increase in world population leads to the 

increase in global energy demand, environmental pollution and dependency on fossil 

fuels. At present situation 80% of fossil fuels (primary energy) consumed in the world, 

whereas only 58% of fossil fuels are used for transport sector [3]. On the other hand, a 

substantial portion of natural gas and coal are being used for the production of electrical 

power because no other conventional energy sources are even close to meet coal and 

natural gas potential over the next few years [4].  

Electricity is regarded as most adoptable and versatile form of energy. It is also 

called as secondary source of energy because it can be converted from the primary energy 
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sources such as coal, natural gas, oil, nuclear power and other natural sources. Increase in 

the demand of electricity may be attributed to the increase in consumer electronics, the 

related industrial activity and access of large quantity of electricity to consumer in the 

technologically developing world [5]. According to global energy and CO2 report of 

2018, the generation of electricity increased by 3.1% (780 TWh) compared to the year 

2017. The total electricity production in the world from coal, oil, nuclear power, natural 

gas and other renewable energies is 9566 TWh (37%), 997 TWh (4%), 2637 TWh (10%), 

5944 TWh (23%) and 6426 TWh (25%), respectively [6].  

25.25%

10.1%4.04%

23.23%

37.37%

 Coal
 Natural Gas
 Oil
 Nuclear Power
 Renewables

9566 TWh

6426 TWh

997 TWh 

5944 TWh

2637 TWh

 
According to South Asian Energy (SAE-2018) survey, the worldwide economic 

growth and development gradually increasing by the production of electricity. Hence, it is 

necessary to fulfill the energy needs of the world by producing electricity double the 

normal usage. It could be done by increasing electricity upto 66% in between the years 

2015 and 2040. This alters the global energy landscape and also offers new challenges 

with better opportunities [7]. As electricity significance increases, the energy conversion 

to generate electricity around the world also increases drastically by the usage of natural 

resources such as nuclear energy, natural gas and renewable resources [8]. 
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1.2.  Solar Energy 

Solar radiation is the natural energy resource which is continuously supplied by 

the sun. It is the most significant non-conventional energy source so it is one of the 

highly sustainable, eco-friendly and non-polluting energy sources. In addition to these, 

solar energy helps to control global warming from greenhouse gases (through 

photosynthesis process). The energy supply from the sun is truly enormous and the solar 

energy received from earth’s surface is about 1.08 x 108 GW. The total amount of energy 

that falls onto the earth from the sun in each year is about 3,400,000 EJ or 7000 to 8000 

times of global energy consumption. The solar energy received by the earth per hour may 

produce current of annual energy demand. Only a small amount of solar energy is 

required to produce electricity of the power of 5000 to 6000 GW which is now accessible 

across the globe. For this reason solar energy is considered to be one of the best and most 

valuable renewable energy resources [9].  

1.3.  Generation of Solar Cells  

The solar energy conversion is a one-step process which converts sunlight into 

electrical energy. Basically, the principle of photoelectric effect is responsible for the 

development of first photovoltaic devices. It was first noticed by Edmund Becquerel in 

1839. Forty years later (in 1876) the first solid-state solar cell (photovoltaic device) was 

built by William Adams and Richards Day. They established that a photocurrent could 

generate in a sample of selenium when two heated platinum contacts [10]. Afterward, 

solar energy technologies were developed three generation solar cells. These can be 

represented in the Figure 1. 



                   Chapter-1  
   

 4 

 

Figure 1. Generation of solar cells 

Traditionally, the first generation solar cells are commonly based on the 

crystalline silicon technologies, either a monocrystalline or a polycrystalline Si-wafers 

and on gallium arsenide. These photovoltaic cells are single-junction devices with the 

theoretical efficiency of 33% and the energy conversion efficiency is only 15-25%. The 

majority of solar cells that exist in the market belong to first generation solar cells and it 

is extensively used amongst the other solar cells [11]. Although these solar cells were 

proven to be highly efficient, they encounter some disadvantages such as high time 

consumption, high-cost of silicon, high temperature requirement, high energy 

manufacturing processes and high processing cost. These limitations of the first 

generation solar cells seek to build efficient and low-cost new generation solar cells,             
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i.e., second generation solar cells [12]. These are mainly based on polycrystalline silicon 

or different semiconductors thin films like CdTe, CuIn and Se.  The processing cost of 

these cells are lesser compared to the silicon based first generation solar cells.               

Second-generation solar cells were fabricated by depositing the thin films of 

semiconductors on the Silicon (Si), glass or ceramics (substrates) using molecular beam 

epitaxy (MBE), chemical vapour deposition (CVP) and spin-coating technique [13]. The 

13-19% of power conversion efficiency was achieved by these solar cells. The main 

drawbacks of second generation solar cells are: i) environment contamination starts from 

the fabrication process and ii) difficult to find suitable semiconductor materials [14]. The 

third generation solar energy technologies are mainly focused on the improvement of 

light absorption coefficient and energy conversion efficiency of second-generation solar 

cells. But there is no variation in the processing cost of the third generation and second 

generation solar cells. The improvement of the light conversion efficiency of third 

generation solar cells can be achieved by fabricating the multi-junction solar cells, 

enhancing the absorption coefficient of materials and using the methods to increase the 

charge carrier collection. The energy conversion efficiency of these cells is greater than 

15% [15]. Recent trends of commercialization provoke the fabrication of these types of 

solar cells because of high energy conversion efficiency, easily available raw materials, 

easy steps of fabrication and low-cost [16]. Over the development of solar cell 

technology, researches focus on the generation of the new type of solar cells and trying to 

enhance the light conversion efficiency. By this side, the fourth generation solar cells 

were introduced, which are also known as hybrid solar cells. This is the combination of 

low-cost, high flexible polymer films (organic materials) and high stable semiconductor 
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materials (inorganic materials). Such technological oriented inorganic to organic hybrid 

solar cell improves the conversion of solar light into electricity, which offers very good 

photo conversion efficiency than the present third generation solar cells [17].  

1.4.   Need of Third Generation Solar Cells 

The third generation solar harvesting systems are one of the promising alternative 

types of photovoltaic devices. This aims to develop high conversion efficiency device 

with very low processing cost in comparison with expensive crystalline Si-based solar 

cells (1st generation solar cells) and less photo conversion efficiency of thin film solar 

cells (2nd generation solar cells). It is also one of the important types of nanostructure and 

polymer based (3rd generation) solar cells which generate from thin film route, abundant 

and non-toxic materials. These solar harvesting systems are potentially able to overcome 

the Shockley-Queisser limit 30-41% efficiency for single band gap solar cells. Moreover, 

the majority of solar industries are not interested in releasing such type of solar cells but 

researchers are focusing on the considerable improvement of such cells (only for study 

purposes). By use of size and shape dependent properties of nanostructured materials,       

dye-sensitized solar cells (DSSCs) have the potential to become third generation solar 

cells and are mainly focused on the low cost of fabrication compared to other types of 

solar cells [18]. 

1.5.  Dye-Sensitized Solar Cells (DSSCs) 

The history of DSSCs starts in the late 1960’s with the work of organic dye 

sensitization on ZnO single crystal carried out by Gerischer and Tributsch. Subsequently, 

Tributsch and Calvin further demonstrated that the dye (chlorophyll) sensitized ZnO 
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nanostructures are play a vital role in the power conversion efficiency (PCE) of solar 

harvesting systems [19]. However, due to the poor anchoring of dye molecules on the 

semiconductor surface, the PCE was poor. Approximately, ten years later (1977), Spitter 

and Calvin were used TiO2 nanostructured material instead of ZnO nanoparticles for the 

improvements of cell performance [20]. All these innovative experiments eventually lead 

to the invention of dye sensitized solar cells in 1991 by O’ Regan and Gratzel. At that 

time, they achieved the photo conversion efficiency of about 7.1-7.9% [21]. Thereafter, 

this type of photo-electrochemical cell was named as the dye sensitized solar cells 

(DSSCs) because of the use of mesoporous TiO2 semiconductor with a large specific 

surface area. This innovative and revolutionary third generation solar cell (especially thin 

film solar cells) created a new era in the field of research and development with less 

processing cost and better performance of DSSCs [22]. Generally, the DSSCs are 

collected of dye coated mesoporous metal oxide semiconductor photoanode, an iodide/ 

tri-iodide redox couple electrolyte and a platinized or carbon based counter electrode. 

Each constituent of DSSCs performs a definite tasks and the whole performance of 

DSSCs strongly depends on optimization of every single cell components in DSSCs 

system [23]. Over the past few decades, a great progress was made in technological 

applications and fundamental research of DSSCs. In current researches, an alternative 

sensitizer was used as counter electrode catalyst (N719, Z907, N3, D35, Y123) and redox 

couple has been used as a electrolytes (I3-/I-, Co2+/Co3+, Cu2+/ Cu+) for improvements of 

the cell performance. So, the photo conversion efficiency (PCE) was increased from 

7.9% in 1991 to 13% in 2014 and an achieved PCE value of 14.3% in 2015 for cobalt 

mediated DSSCs [24]. 
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1.6.  Important Components of DSSCs  

The DSSCs have mainly five important components, which are selected based on 

the role of charge carrier collection and enhancement in the efficiency of solar cell 

devices. The five main components are [25]: 

1)  Transparent conductive glasses 

2)  Wide band gap semiconducting nanomaterials (photoanode) 

3)  Dyes (photo sensitizers): a) Metal-free organic dyes 

         b) Inorganic dyes 

         c) Natural Dyes 

4)  Electrolyte 

5)  Counter electrode or auxiliary electrode 

In DSSCs, the dyes sensitized nanostructured materials were commonly used as 

working electrode. The indium doped tin oxide (ITO) or fluorine doped tin oxide (FTO) 

substrates are commonly used transparent conductive glasses in solar devices. Various 

semiconductors with wide-bandgap were used for dye sensitization such as SnO2, TiO2, 

ZnO, ZnS, In2O3 etc., among them TiO2 and ZnO nanoparticles showed a crucial role in 

DSSCs [26]. On the other hand, the organic dyes with anchoring groups (-COOH, -PO3H, 

-SO3H,-OH and -NO2 groups), inorganic dyes (Ru, Zn, Cu, Co contained complexes) and 

natural dyes (Anthocyanins, Rose Bengal) were used as a sensitizer in DSSCs [27]. The 

electrolyte of DSSCs presents in between the auxiliary and working electrodes and shows 

the redox reaction. The commonly used electrolytes are potassium iodide and iodine, 

lithium iodide and iodine-like tri-iodide/iodine redox couples [28]. The auxiliary 

electrodes like platinized sheet and graphene or carbon coated glass were seen in the 

majority of DSSCs [29]. 
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1.7.  Working Principle of DSSCs  

The DSSCs works basically on the principle of photosynthesis and the process 

involves the following steps [30]: 

 

 

 

 

 

 

 

 

 

 

 
Step-1: When the light is illuminated on the surface of dye sensitized mesoporous 

semiconductor films, electrons in the dye are gets excited. Electrons tend to 

move from HOMO energy level (ground state) to LUMO energy level            

(exited state) of the dye molecule. 

Step-2: The electrons in the higher energy state of dye molecule are inserted into 

conduction band of nanomaterial which lies below the excited energy level of 
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the dye, where the semiconductor nanoparticles absorbs solar light from UV 

region and the dye gets oxidized. 

Step-3: The oxidised dye molecule is regenerated (reduced) due to the acceptance of 

electrons from tri-iodide ion (I-3)/iodide ion (I-) redox couple.  

Step-4: The inserted electrons travel through the semiconducting nanomaterial to reach 

the transparent conductive glass (back contact) and then through the external 

circuit to the counter electrode. 

Step-5: At the counter electrode, iodide is regenerated by the reduction of tri-iodide ion. 

1.8.  Photoanode Materials for DSSCs 

In DSSCs the photoanode materials are used as an electrons collector and this 

function of photoanode depends on the size, shape and band gap of the materials. Hence, 

it must have some significant characteristics such as: i) perfect pore size for efficient 

diffusion of dye; ii) large surface area for anchoring of high quantity of dye [31];                   

iii) suitable conduction band to improve the electron injection from LUMO level of the 

dye to the semiconductor [32]; iv) photo corrosion resistance [33]; v) excellent light 

scattering ability [34]; vi) electrons acceptor ability; vii) surface roughness; and                   

viii) good adhesiveness with conductive glass [35].  

1.9.  Metal Oxide Semiconductors for DSSCs 

The semiconducting metal oxide electrodes have more interested in the upcoming 

years for their applications in various solar harvesting and storage devices, such as solar 

cells, fuel cells, Li-ion batteries, electrochromic devices and photo-electrochemical cells 

[36]. To accomplish better performance of the devices, the electrodes used in these 
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applications must show good electron transfer properties and a high surface area even 

though the working principle of the devices is different from each other. Therefore, 

semiconducting metal oxide nanoparticles are appeared as a major class of versatile 

materials with various properties and great potentiality towards several device 

applications [37]. Till now, the majority of DSSCs works were employed on the basis of 

wide-bandgap semiconductors (TiO2, ZnO, SnO2, Nb2O5, CeO2 and NiO). Because the 

characteristic properties of semiconducting nanomaterials shows proper conduction band 

position relative to dye sensitizers and also increased surface area of nanoparticles 

assisted the enhancement of light absorption [38]. There are two types of nanostructured 

semiconductors were used in the fabrication of DSSCs and they exhibits significant role 

in the enhancement of power conversion efficiencies. Generally, the n-type 

semiconducting nanoparticles such as ZnO, TiO2, CdO and SnO2 have been extensively 

studied and used as photoanode materials for DSSCs. Because of transparency in the 

solar spectrum and good electrical properties of these semiconductors provides wide 

applications towards the fabrication of photo voltaic and optoelectronic devices.             

Dye-sensitization of these types of semiconductors is an effective way to extend                            

the photo response into visible light region and even into the near IR region [39].                     

A. Al-Kahlout et al. were used the ZnO nanoparticle films for the fabrication of DSSCs. 

They used them as photoanode material and achieved the maximum photocurrent of                

7 mAcm-2 [40]. A. Taleb et al. have been reported that the TiO2 films prepared by spin 

coating were used as a photoanode material for DSSCs [41]. D.B. Kuang et al. were used 

hot reflux method for the synthesis of SnO2 nanoparticles. They employed SnO2 

nanoparticles as photoanode material which has got photo conversion efficiency of 5.78% 

[42]. S.H. Han et al. have been reported that the CdO nanocrystalline thin film could be 
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used as anode materials for DSSCs with the photo conversion efficiency of 2.98% [43]. 

The p-type semiconductors were used in the fabrication of photocathode for DSSCs.            

The reasons for use of these semiconductors in the application of DSSCs are:                           

a) wide-bandgap with photo corrosive resistant nature; b) simple synthetic procedure to 

generate nanoparticles; c) suitable valence band position of these semiconductors so as to 

enhance the open circuit voltage [44]. Among the variety of semiconducting 

nanoparticles only a few metal oxides display the p-type semi-conductivity. Nickel oxide 

(NiO) nanoparticles have been extensively used as p-type semiconductor for the 

production of DSSCs. Because NiO is an intrinsic p-type semiconductor with energy            

gap of 3-4 eV and it exhibits good thermal stability. The valence band potential of NiO 

(0.54 V versus NHE at pH 7.0) shows the better electron donor properties for various 

photo-sensitizers because the reductive quenching of different sensitizers is a strongly 

allowed process. But small valence band potential shows the difficulties to obtain higher 

open circuit voltage (Voc) [45-46]. Furthermore, p-type semiconductors are known to be 

poor conductors as compared to n-type semiconductors that is why transparent 

conducting substrates are commonly of n-type. The photo induced absorption 

spectroscopy is used for the measurement of hole diffusion coefficient in NiO films and 

shows the electron diffusion coefficient of NiO is smaller than TiO2 [47]. The long time 

delay between injection of holes and their collection was caused by the slow diffusion of 

holes into the NiO and this slow diffusion may be increased by redox mediator. 

Therefore, new p-type semiconductors with high conductance than the NiO are 

favourable for the development of efficient p-type DSSCs [48]. L. Pleux et al. showed a 

NiO films prepared by hydrothermal method found particularly suitable for the 
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fabrication of efficient p-type DSSCs [49]. T. Jiang et al. and R. Bajpai et al. reported the 

fabrication of p-type DSSCs by using CuO and NiO nanoparticles [50-51]. 

1.10.  Doped Metal Oxide Semiconductors for DSSCs 

Doping of semiconducting nanoparticles is a significant approach in energy gap 

engineering because it changes the optical properties of semiconductors. Generally, it can 

be achieved by incorporating impurity ions (non-metal, transition and inner transition 

metal ions) to modify the optical and electrical properties of semiconducting metal oxides 

[52]. The main objective of substitution (doping) of impurity ions into host lattice of 

semiconducting nanoparticles is to induce a bathochromic shift or ref shift (shift a band to 

lower energy or higher wavelength), i.e., reduction of energy gap of pristine metal oxide 

semiconducting nanoparticles or to develop impurity energy states in between the valance 

and conduction bands, which results in the absorption of light in the visible region. 

Incorporation of impurity ions may lead to photo electronic systems that exhibit enhanced 

efficiency. This is due to the transfer of electron from one of these energy levels to the 

conduction band which requires very less energy than in the bare semiconducting 

nanoparticles [53]. Recently, majority of research works were carried out to synthesize 

undoped and doped TiO2 nanoparticles with various size and structures for DSSCs 

applications [54]. The doping with suitable n-type or p-type elements leads to modify the 

electronic system and morphology towards smaller energy gap for fast charge transfer 

and very high light absorption. Incorporation of right dopants in TiO2 crystal lattice may 

influence the several factors such as, initiation of surface defects for systematic trapping 

of charge carriers, reduction in recombination rate, production of oxygen vacancies, 

erection of grain boundaries, reduction of grain size, improvement in the dye sensitization 
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leading to better electron insertion, shifting of flat band gap resulting in a greater open 

circuit voltage (Voc), decrease in the energy gap for absorption of light in visible region 

and also generation of radicals for the enhancement of dye-metal oxide attachment to 

inject electrons [55]. The overall particle to particle charge transport in the bulk is 

regulated by the distribution and concentration of localized energy states (traps), and also 

in the surface to environment charge transport in the interfaces has been suggested to be 

the main cause of above effects [56]. The non-metals such as nitrogen (N), carbon (C),    

boron (B), sulphur (S), fluorine (F) and chlorine (Cl) having more ionization energy and 

electronegativity shows efficient enhancement in the optical properties of 

semiconductors. This exhibits the better photo-response in the visible region owing to the 

reduction of energy gap and the shift in the optical absorption peak to higher wavelength. 

The non-metal ion doping introduces the impurity states in the above valence band and 

helps to realize the visible light photo activity of semiconductors [57]. J.Y. Park et al. 

reported the efficiency about 11.35% by using Cu/N-doped TiO2 nanoparticles [58].            

Y.Z. Zheng et al. were used I-doped ZnO nanoparticles for the improvement of the 

efficiency of DSSCs [59]. The various properties of 3d or 4d transition metals are 

affected by several factors, such as the number of d-electrons on transition metal ions, 

oxygen defects, crystalline structures and preparation routes [60]. Usually, the 

incorporation of transition metal ions could modify the band gap energy, fermi energy 

level and d-electronic configuration in the electronic structure of host semiconducting 

nanomaterials. Consequently, it produces new impurity states below the conduction band 

(CB) which is arisen due to partially filled d-orbital [61]. This exhibits the reduction of 

bandgap (red shift) of semiconducting nanomaterials and enhances its visible light 
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harvesting character. Therefore, transition metal ions like Cu2+, Ni2+, Zn2+, Cr3+ and Fe2+ 

were used to change the optical, electrical and structural properties of host 

semiconducting nanomaterials [62]. Bodo et al. have studied the optical properties of              

Mn doped ZnS nanoparticles synthesized by chemical co-precipitation method [63].            

Y.S. Wang et al. have reported the preparation and characterization of Cd, Mn and Fe 

doped ZnO nanoparticles [64]. The achievement of modulation the energy gap of metal 

oxides is the difficult task in recent days. By this reason, the researchers of materials 

science are introducing the new dopants like rare earth (4f, 5d, and 6s) and moderate the 

structural, optical and electrical properties of nanomaterials. Therefore, the rare earth-like 

Ce, Sm, Eu, Gd and Dy metal ions are widely used for the enhancement of photoactivities 

[65]. J. Anuntahirunrat et al. have reported the efficiency of DSSCs by using Nb-ZnO 

films [66]. A. Evcin et al. have studied the optical and electrical properties of Dy/Eu/Ag             

co-doped TiO2 nanoparticles [67]. 

1.11.  Recent Developments of Photoanode Materials 

The device DSSC is a molecular system in which the properties of individual 

components are more important for understanding the functions of whole device. 

Therefore, the optimization of each component is more significant for the enhancement 

of quality of DSSCs [68]. Basically, the traditional DSSCs are mainly composed of four 

components such as photoanode, sensitizer, counter electrode and electrolyte [69]. The 

recent researchers achieved the power conversion efficiency of DSSCs upto 14-15% by 

several modifications but till now the conversion efficiency has not been bypassed that of 

silicon based solar cells. Therefore the optimization of these electrode materials to 
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improve the power conversion efficiency with good thermal stability is very much  

needed [70].   

The photoanode materials play an important role in the enhancement of power 

conversion efficiency of DSSCs. The framework of photoanode is mainly composed of 

semiconducting nanomaterials. These materials show dual functions in DSSCs: a) as a 

support of dye loading; b) to transfer of photo exited electrons from dye molecules to 

external circuit [71]. Therefore, a nanostructured material with large surface area is 

necessary for the improvement of dye loading. The recent technological developments 

take a certain steps for the modification of photoanode materials such as doping of 

impurity ions into semiconductor lattice, decoration with nobel metals, synthesis of 

different nanostructure materials, modification with metal oxides and coating with 

up/down conversion materials. Improvement of photoanode materials by these 

modification steps have been addressed by specific aspects of DSSCs such as light 

absorption, electron-hole transport and reducing the charge recombination [72].                         

S. Ameen et al. were reported the optical band gap of ZnO nanomaterials which was 

decreased upon Sn doping [73]. A. Neshat et al. were reported the colloidal core-shell 

Au/SiO2 nanoparticles as suitable material for decorating DSSCs [74]. V. Dhas et al. 

were reported the synthesis of anatase TiO2 nanowires by hydrothermal method and 

achieved the efficiency of 4.12% by using salinization [75]. H.S. Jung et al. were studied 

the effect of surface modification of TiO2 by insulating MgO nanoparticles in order to 

enhance the efficiency of DSSCs [76].  

The sensitizer is a significant part of DSSCs because it absorbs the natural or 

artificial light and generates the photo-exited charge carriers at the surface of 
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semiconducting nanomaterials. To improve the performance of DSSCs, the sensitizer 

have certain properties such as very high molar excitation co-efficient, suitable HOMO 

and LUMO energy levels, appropriate band gap, good solubility and photo-stability [77]. 

Till now, more efforts were applied for the synthesis of variety of sensitizers which are 

categorized into ruthenium polypyridyl dyes, porphyrin dyes, quantum dot dyes, metal 

free organic dyes and pervoskite based dyes [78]. Ru (II) polypyridyl dyes are most 

popular sensitizer in DSSCs due to excellent light absorption capacity from UV light to 

near IR light and having suitable energy level for TiO2 electrode and I-/I3- electrolyte 

[79]. Upto 11.7% (2010) of energy conversion efficiency was achieved by using the 

Ru(II) complex based dyes. The recent development of DSSCs is more focused on the 

use of Ru(II) based dyes with different ligands to enhance the efficiency and stability of 

devices. For example, replacing the thiocyanate ligands with other chelating anions, 

substitution of ancillary ligand and using hydroxamate instead of corboxylate and 

phosphonate groups [80]. T. Jella et al. were synthesized benzimidazole functionalized 

ancillary ligands based Ru(II) complexes. They used these dye as sensitizer for 

semiconducting materials with the power conversion efficiency of 7.88% [81].                         

C. Dragonetti et al. were used pyrid-2-yltetrazolate ligand in place of thiocyanate in       

Ru(II) sensitizer and they achieved the power conversion efficiency of 6.1% [82].                          

S.J. Konezny et al. were used the hydroxamate based Ru(II) complex as a sensitizer for 

DSSCs [83]. Similarly, the metal free organic dyes with their smaller energy gap play a 

crucial role in the DSSCs. The high molar coefficient and high flexibility in the 

molecular structure of such organic dyes shows applicability towards the modern DSSCs 

[84]. Now, researchers developed the new metal free organic dyes with D-π-A, D-A-π-A 
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and D-D-π-A groups for DSSCs [85]. L. Han et al. were used new D-D-π-A triphylamine 

coumarin dye as a sensitizer for DSSCs and which has got a photo conversion efficiency 

of 4.99% [86]. Y. Shen et al. achieved 9.5% conversion efficiency for D-π-A structured 

phorphyrin based dye sensitized solar cells [87]. W. Zhu et al. fabricated a novel             

D-A-π-A indoline based DSSC with a conversion efficiency of 9.04% [88]. The Zn(II) 

porphyrin dyes have got more interest due to their properties like high molecular stability, 

suitable energy levels with flexible structure and intense absorption in the region of               

400-500 nm and  500-700 nm. The efficiency of DSSCs recorded upto 12.3% (2011) 

using YD2-oC8 (D-π-A Zn (II) porphyrin dye) co-sensitized with Y123 (D-π-A organic 

dye) organic dye [89]. Quantum dot and pervoskite based sensitizers were also developed 

for the fabrication of efficient DSSCs.  The most commonly used quantum dot sensitizers 

are CdS, CdTe, PbS, PbSe and Sb2S3 which show photo conversion efficiency of 7.4% 

[90]. Recently, the halide pervoskite based sensitizer gained considerable attention due to 

their excellent characteristics of light harvesting. The efficiency of these pervoskite 

sensitized DSSCs are increased year by year i.e., 3.81% (2009) to 20.1% (2014) [91]. 

In this present work, undoped and transition metal doped semiconducting              

metal oxide nanoparticles were prepared using microwave combustion method. The 

consequences of doping with different transition metals were studied through XRD,             

UV-Vis., FE-SEM, TEM and I-V techniques. The redox potentials of all the selected 

dyes were determined by cyclic voltammetry (CV). The absorption and 

photoconductivity of dye sensitized transition metal doped semiconducting nanoparticles 

have been examined through UV-Vis and I-V studies. 
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The generation of global energy from conventional sources increases in the recent 

years. Subsequently, the demand and consumption of energy also increases with increase 

in the population of the world. In the coming days the supply of energy is one of the 

significant problems in the world. Between 2004 and 2030 the annual global 

consumption of energy is estimated to rise by more than 40-50%. Assuming current 

policies and practices remain in place, maximum amount of energy generation is 

expected to come from the burning of fossil fuels, such as oil, ethanol, natural gas and 

coal. Emission of CO2 increases day by day due to extensive industrialization and over 

transportation. This causes serious impact on living system by releasing CO2 (green 

house gas) to the atmosphere (especially from coal). So, there is a required security for 

sustainability of the increasing world population. The extensive use of fossil fuels has 

facing several significant challenges in the last few decades such as environmental 

pollution, large amount of CO2 emission, global warming, depletion of fossil fuel 

reserves and ongoing increase of fuel cost. These problems will be forced to seek 

ecofriendly and sustainable alternative energy resources. Thus, the renewable energy 

sources are the only alternative solution for resolving the current environmental problems 

and energy crisis. Renewable energy sources such as solar, wind, biomass, wave and tidal 

energy systems have great potential. Among these sources, solar energy has got more 

prominence in the concern of energy generation. 

The main objective of the recent research works on photovoltaic devices is to 

reduce the processing cost and to improve the energy production efficiency of solar cells. 

In order to achieve this considerable enhancement in the photo conversion efficiency of 

solar cells is required. Generally, the efficiency of solar cells is depends on two major 
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factors such as: a) choosing a suitable n-type or p-type semiconducting nanomaterials 

with wide band gap to match the solar spectrum; and b) innovative device engineering, 

which facilitates more effective charge collection as well as better consumption of the 

solar spectrum via single and multi junction approaches. However, in the recent 

developments it is feasible to randomly categorized a select assembly of semiconducting 

nanomaterials into various power conversion efficiency regimes: a) ultrahigh-power 

conversion efficiency devices (η > 30%) are the multi-junction tandem solar cells devices 

consisting of GaAs and GaInP2 semiconductors; b) high power conversion efficiency 

devices (η>20%) are the single crystal silicon solar cells; c) ultra-moderate power 

conversion efficiency devices (η = 12-20%) are the thin-film solar cells consisting of 

amorphous Si, CuGaInSe2 (CIGS) and CdTe semiconducting materials d) moderate 

power conversion efficiency devices (η<12%) are the dye sensitized TiO2 semiconductor 

solar cells, which are very low cost devices. Today the DSSCs are gained more interest 

due to their good photovoltaic performance, specifically under low-light conditions, 

flexibility in terms of colors and appearance, simple preparation procedures and low 

processing cost. But the long term stability is one of major drawbacks in the DSSCs. 

Leakage of electrolyte solution, degradation and desorption of dyes are the important key 

factors affecting the stability of DSSCs. Due to these factors current research is mainly 

focused on the modification of each component of DSSCs to improves the efficiency of 

power conversion. For instance, in order to fabricate most effective photo anodes of 

DSSCs, various shape of semiconducting nanomaterials are used such as nanoprisms, 

nanoplates, nanoflowers and nanorods. During the past few decades, the semiconducting 

nanoparticles have emerged as new building blocks to construct the efficient photovoltaic 



                   Chapter-2  

 27 

devices. The film of semiconducting nanostructures is used as a photoanode material for 

DSSCs. This photoanode material provides the two important functions: 1) it facilitates 

for dyes (sensitizer) coating; and 2) it acts as a transporter of photo-excited charge 

carriers from dyes to external circuit. Thus, a nanostructured semiconducting material 

with high surface area is needed to ensure the effective dye loading. Moreover, a fast 

charge transport rate is required to ensure high electron collection efficiency. These two 

properties are the required ideal characteristic features of a photoanode. Current 

technological research work is mainly focused on the fabrication of effective photoanode 

films for DSSCs. A variety of thin film preparation techniques, such as sol–gel, 

hydrothermal, electrochemical anodization, spin coating, vapour deposition, spray 

pyrolysis, and atomic layer deposition have been employed.  

At present to improve the efficiency of photovoltaic devices doping of suitable 

metal ions into bare semiconductors has been found to more fruitful. Recently, doping of 

two or more elements instead of single elements has also been adopted to enhance the 

photo conversion efficiency. The existence of two or more transition metal ions 

simultaneously in the host material helps to increase the impurity states between the 

valence and conduction band. The metal ions incorporation depends on various 

significant factors such as the way of incorporation, difference in the ionic radius of 

metal ions and concentration of dopant solution. Number of research reports has revealed 

that the efficiency of solar harvesting systems is significantly dependent on the optical 

and electrical properties of semiconducting nanoparticles. 

In the present work, ZnO, Cr-ZnO, CuO, Zn-CuO, CdO, Ni-CdO, Ni-CdO, TiO2, 

Cr-TiO2, MgO and Zn-MgO nanoparticles were prepared using microwave combustion 
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method. The structural, optical and electrical properties of synthesized ZnO, Cr-ZnO, 

CuO, Zn-CuO, CdO, Ni-CdO, Ni-CdO, TiO2, Cr-TiO2, MgO and Zn-MgO nanoparticles 

were characterized through XRD, FE-SEM, TEM, EDAX, UV-Vis. and I-V 

characteristics studies. The micro-strain, lattice constants, dislocation density, crystalline 

size of synthesized metal oxide nanoparticles was calculated. The energy gap of all the 

samples was estimated using diffused reflectance spectra.  

 The various concentrations of Trypan blue (TB), SPADNS (SPD) and Evans blue 

(EB) dye solutions were used to sensitize the synthesized Cr-ZnO, Zn-CuO, Ni-CdO,              

Cr-TiO2 and Zn-MgO nanoparticles. The main goal of this experiment was to analyze  

the optical and electrical properties of TB, SPD and EB sensitized Cr-ZnO, Zn-CuO,            

Ni-CdO, Cr-TiO2 and Zn-MgO nanoparticles. The optical band gap and molecular orbital 

energy levels (HOMO, LUMO) of dyes were calculated using UV-Visible (UV-Vis.) 

spectroscopy and cyclic voltametry (CV), respectively. The dye adsorption saturation 

limit on the surface of nanoparticles was also studied. Measurement of current intensity 

of TB, SPD and EB dyes sensitized nanoparticles has been carried out using Kiethley 

source meter. The measured current intensity and optical absorption of TB, SPD and EB 

dyes sensitized Cr-ZnO, Zn-CuO, Ni-CdO, Cr-TiO2, Zn-MgO nanoparticles indicated the 

possibility of using these materials for the fabrication of dye sensitized solar cells. 
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Semiconducting metal oxide nanomaterials have been extensively studied from 

both experimental and theoretical viewpoints because of their potential applications in 

solar energy conversion, photocatalysis and in optoelectronic devices [1]. The main goal 

of the recent researchers in the field of nanotechnology is to develop different type of 

semiconducting nanoparticles with special properties compared to those of bulk 

counterpart. The development of these nano scaled metal sulphides, oxides and 

composites are able to show the unique structural and optical properties due to their small 

crystalline size and high density sites at corners and edges [2]. The desire for 

miniaturation is the driving force behind nanoparticles synthesis. Since the shape, size 

and dimensionality of semiconductor nanoparticles are vital parameters for their 

properties, development of facile methods for the preparation of well defined 

semiconducting nanostructures have got more importance. One dimensional 

nanostructure of semiconducting nanomaterials has received much attention because they 

offer superior opportunities for both fundamental research as well as technological 

applications [3]. More recently, the transparent semiconducting nanomaterials have 

attracted attention due to their excellent properties arising out of large surface-to-volume 

ratio and quantum confinement. Further, these properties of semiconducting nanoparticle 

are dependent upon crystalline size, shape and their surface conditions. These properties 

can be achieved by variety of experimental techniques [4]. Current innovative science 

and technology provided new advanced analytical tools for the characterization of 

nanomaterials. These tools provide the detailed information about physical and chemical 

properties of developed materials at nanoscale level [5].    

 In the present work, the synthesis of ZnO, Cr-ZnO, CuO, Zn-CuO, CdO, Ni-CdO, 

TiO2, Cr-TiO2, MgO and Zn-MgO nanoparticles were described in details. The 
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microwave combustion method was used for the synthesis of ZnO, Cr-ZnO, CuO,                

Zn-CuO, CdO, Ni-CdO, TiO2, Cr-TiO2, MgO and Zn-MgO nanoparticles. The various 

instrumental techniques (XRD, FE-SEM, TEM, UV-Vis. and I-V studies) have been used 

for the characterization of synthesized nanoparticles. The experimental procedure 

followed during the sensitization of TB, EB and SPD dyes on surface of Cr-ZnO,                  

Zn-CuO, Ni-CdO, Cr-TiO2 and Zn-MgO nanoparticles has also been discussed. 

3.1.  Materials 

Zinc nitrate hexahydrate [Zn(NO3)2·6H2O, 98% Merck], ethylene glycol [C2H6O2, 

Merck], chromium (III) chloride hexahydrate [CrCl3·6H2O, 93%, Loba Chemie PVT. 

Ltd.], copper sulfate pentahydrate [CuSO4·5H2O, 99.5%, Hi-Media], sodium hydroxide 

[NaOH, 98%, Hi-Media], urea [NH2CONH2, 99.5%, Hi-Media] and zinc sulphate 

heptahydrate [ZnSO4.7H2O, 98%, Loba Chemie], acetone [CH3COCH3, 99%, Merck], 

absolute ethanol [C2H5OH, 99.9%, Changshu Yangshu Chemicals], cadmium                   

nitrate hexahydrate [Cd(NO3)2·6H2O, ≥99%, Merck], nickel nitrate hexahydrate 

[Ni(NO3)2·6H2O, 99.99%, Hi-media], magnesium nitrate hexahydrate [Mg(NO3)2·6H2O, 

99.99%, Merck], titanium isopropoxide [C12H28O4Ti, 98%, Hi-Media], 2-propanol 

[C3H8O, 99.5%, Merck], digol [C4H10O, 98.5%, Merck], trypan blue [C34H24N6Na4O14S4, 

Dye content 60%, Hi-Media], SPADNS [C16H9N2Na3O11S3, Dye content 79%, Merck], 

evans blue [C34H24N6Na4O14S4, Dye content 85%, Loba Chemie] were procured and used 

for the experiments. All the chemicals and reagents used in the present work were of 

analytical grade. Double distilled water was used for the preparation of solutions. 

Domestic microwave oven (Model: ONIDA POWER SOLD 17D, Power output-700 W, 

Frequency-2450 MHz) was used for the heating purpose. 
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3.2.  Preparation of Undoped and Doped Metal Oxide Nanoparticles 

3.2.1. Microwave combustion synthesis  

Microwave combustion method has gained more popularity compared to 

conventional heating methods, due to its advantages like rapid heating, efficient energy 

transfer, low-cost processing, less reaction time, eco-friendly approach, high yield and 

formation of pure homogeneous product [6]. During the microwave assisted reaction, the 

heat is generated inside the sample by the interaction of microwave energy with reactive 

substance. The microwave energy can penetrate into the reactant material at molecular 

level and uniformly distribute among the surface and bulk material. This results in the 

formation of nanostructured materials within few minutes. Further, the microwave energy 

is converted into thermal energy throughout the material by rapid mechanisms of dipolar 

rotation and ionic conduction. This accelerates the reaction rate, which improves the yield 

and purity of the material with a proper size distribution and stoichiometry [7]. 

3.2.2. Preparation of ZnO, CdO and MgO nanoparticles 

In the present method, 30 g of zinc nitrate hexahydrate was taken in a dry beaker 

and 6-8 drops of ethylene glycol was added and kept in a microwave oven for dissolution 

for 10 sec. Then the above solution was heated in a domestic microwave oven of power 

480 W (60%) for 8 min. First the solution was converted into paste in a few seconds and 

further undergoes dehydration followed by decomposition with the evolution lot of heat 

and gases (O2, NO2) with orange colour fumes. The combustion was completed within 8 

min resulting in the formation of white porous powder of ZnO. The resulting solid was 

subsequently annealed at 500 ºC in a muffle furnace and finally a fine crystalline powder 
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of ZnO was obtained. The similar procedure has been followed for the preparation of 

CdO and MgO nanoparticles. Similarly, the same procedure was also followed by the 

synthesis of ZnO nanoparticles under different microwave power (160, 320, 480, 640 and 

800 W) and by using different solvents (water, ethylene glycol, digol and 2-propanol). 

3.2.3. Preparation of Cr-ZnO, Ni-CdO and Zn-MgO nanoparticles 

To synthesis Cr-ZnO (2-15 wt%) nanoparticles, zinc nitrate hexahydrate 

[Zn(NO3)2.6H2O] and Chromium (III) chloride hexahydrate [CrCl2·6H2O] were mixed in 

dry beaker and 6-8 drops of ethylene glycol was added and kept in a microwave oven for 

dissolution for 10 sec. Then the above solution was heated in a microwave oven of power 

480 W (60%) for 8 min. First the solution was converted into paste in a few seconds and 

further undergoes dehydration followed by decomposition with the evolution lot of heat 

and gases (O2, NO2) with orange colour fumes. The combustion was completed within 8 

min resulting in the formation of white porous powder of Cr-ZnO. The resulting solid 

was subsequently annealed at 500 ºC in a muffle furnace and finally a fine crystalline 

powder of Cr-ZnO was obtained. The similar procedure has been followed for the 

preparation of Ni-CdO and Zn-MgO nanoparticles at different dopant concentration.  

3.2.4. Preparation of CuO and Zn-CuO nanoparticles 

In a typical synthesis, undoped CuO and Zn-CuO nanoparticles (0.0, 2.0, 4.0, 6.0, 

8.0 and 10.0 at mol% of Zn) were prepared via microwave combustion method. For the 

preparation of CuO nanoparticles, an equimolar concentration (0.8 M each) of                 

copper sulphate pentahydrate [CuSO4·5H2O] and urea [NH2-CO-NH2] were dissolved in 

100 ml of double distilled water. A 100 ml of 0.4 M sodium hydroxide solution was 
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added drop-wise to the above mixture and kept stirring for 30 minutes at room 

temperature. When the solution turned blue to light green, 5 ml of this solution was taken 

in a china dish and placed in a domestic microwave oven. The solution was exposed to 

the microwave energy of 60% power (480 W) for 8 minutes. Initially, the reaction 

solution was boiled and subsequently it underwent dehydration with the evolution of 

gases. The so obtained solid product was washed with double distilled water and absolute 

ethanol followed by acetone to remove the impurity ions like Na+, SO42- and NH4+ and 

dried at 80 oC for 5 hours. It was finally calcinated at 600 oC for 2 hours. The above 

procedure has been followed for the synthesis of Zn-CuO nanoparticles with the addition 

of ZnSO4·7H2O at different molar concentration. 

3.2.5. Preparation of TiO2 and Cr-TiO2 nanoparticles 

The TiO2 and Cr-TiO2 nanorods were prepared through microwave combustion 

method. In a typical synthetic procedure, 30 ml of ethylene glycol was taken in a dry 

beaker and kept into stirring for 20 min. A 10 ml of titanium isopropoxide (C12H28O4Ti) 

added to the above solution drop wise using syringe. The resulting transparent solution 

was heated in a microwave oven of power 60% for 10 min. Initially, the reaction mixture 

boiled and subsequently underwent dehydration with the liberation of water vapour and 

CO2 gas. The white powder of TiO2 was settled down at the bottom of the beaker. The 

obtained product was cooled and washed for three to four times with water followed by 

alcohol. The resultant solid was subjected for calcination at 500 ºC for 2 h. Similar 

procedure was followed for the preparation of anatase Cr-TiO2 nanoparticles by the 

addition of increasing amount (2-8 wt%) of chromium (III) chloride hexahydrate 

[CrCl3·6H2O] to the mixture of ethylene glycol and titanium isopropoxide. 
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3.3.  Effect of Doping on Metal Oxide Nanoparticles 

 Doping is the process of addition of suitable impurity metal ions into host lattice 

of semiconductor. The doping of different metal ions into the host oxide materials 

improves the electrical, optical and structural properties. The significant change in such 

properties upon doping is ascribed to the modification of electron transfer characteristics 

due to the change in crystalline structure of pristine metal oxide nanoparticles [8]. Such 

changes lead to an increase or a decrease of energy gap resulting in a shift of the position 

of conduction band of semiconductor. In addition, other properties like crystal size and 

shape of nanoparticles also affected by doping of right dopants [9]. 

3.4.  Characterization Techniques 

3.4.1. X-ray diffraction (XRD) studies 

  XRD is one of the promising, powerful and nondestructive experimental 

techniques used for the analysis of single as well as polycrystalline materials. It provides 

the useful information on structure of the materials, orientation of crystal planes, lattice 

parameters, micro-strain, stress, crystalline size, unit volume and whether the synthesized 

nanomaterials posses single or multi-phase [10]. The crystalline nature of all the 

synthesized undoped and doped metal oxide nanomaterials were evaluated using high 

resolution X-ray diffractometer provided with Cu-Kα/30 kV/15 mA radiation at 

wavelength λ = 0.154060 nm from an angle 2θ = 30-80o. Basically XRD is obtained as 

the scattered X-rays from atoms, ions or molecules present in the parallel and equally 

spaced atomic planes as explained in the Bragg’s law. The determination of structural 

properties of given materials is based upon the position of the peaks and their relative 

intensities [11].  
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From XRD data the following parameters have been calculated, 

a)   Average crystallite size of synthesized undoped and doped metal oxide 

nanoparticles was calculated using Debye-Scherrer equation [12];   

Average crystallite size (D) = 0.9 λ/β cosθ 

where, λ = Wavelength of X-rays (0.154 nm), β = FWHM (radians), θ = Bragg’s 

diffraction angle (degree). 

b)  The lattice constants a, b and c for all the synthesized undoped and doped 

nanoparticles were determined using the following equations [13].  
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where, a, b, c = Lattice constants (Å), α, β = Interfacial angles (degree) and                 

d = Inter atomic spacing (Å),  h, k, l = Miller indices of a crystal plane. 

c)  The micro-strain and dislocation density of synthesized nanoparticles were 

calculated from following equations [14-15]:  

Micro-strain (ε) =   

Dislocation density (δ) =   

where, β = FWHM (radians), D = Crystallite size (nm). 
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d)  The unit volume of all the synthesized undoped and doped metal nanoparticles was 

determined using the following equations [16-19]: 

Cubic:  V = (a)3 

Hexagonal:  V = 0.866 × a2 × c 

Monoclinic: V = a b c (sinβ) 

Tetragonal: V = a2 c  

where, V = Unit cell volume (Å)3, a, b, c = Lattice constants (Å), β = Interfacial 

angle (degree). 

In the present work the phase purity and crystallite size of synthesized                 

undoped and doped metal oxide nanoparticles were characterized through XRD              

(Model: Bruker D8 Advance) with Cu-Kα radiation (λ = 0.154 nm). 

3.4.2.  Field-emission scanning electron microscopic (FE-SEM) studies 

FE-SEM is one of the important instrumental techniques for morphological study 

of nanomaterials. It gives the important information regarding the growth mechanism and 

shape of the synthesized nanoparticles [20]. In a typical FE-SEM instrument, the emitted 

electrons from the source are focused into a beam having energy in the range of few             

100 eV to 40 keV, and impinge over the surface of the specimen by deflection coils.              

As the electrons bombards and penetrate the surface of the sample, ejection of electron 

from the sample is observed. The FE-SEM photomicrographs are obtained from cathode 

ray tube by collecting the ejected electrons [21].  

The studies on structural morphology of synthesized undoped and doped metal 

oxide nanoparticles were carried out using FE-SEM (Model: Nova Nano SEM600-FEI 

and FE-SEM Carl Zeiss AG-ULTRA 55) technique. 
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3.4.3.  Energy-dispersive analysis using X-rays (EDAX) 

 EDAX is a valuable experimental technique used for the determination of 

elements present in the synthesized materials. Sometimes it is also called as energy 

dispersive X-ray spectroscopy (EDX or EDS) and energy dispersive X-ray microanalysis 

(EDXMA). When an electron beam strikes on the surface of a sample, the electrons 

present in the inner shell of the atom are ejected by generating vacant positions (holes) 

and these vacant positions are occupied by the outer shell electrons. Energy difference 

between the outer and inner energy levels directs to emission of X-rays in the sample and 

energy of the X-rays discharged from a given material can be measured. The peak 

position and peak area of EDAX spectral analysis indicates the nature and amount of 

elements present in the given sample [22]. The elemental composition of undoped and 

doped metal oxide nanoparticles was determined by EDAX [Model: JSM-6300 (LA)] 

technique. 

3.4.4.  Transmission electron microscopic (TEM) studies 

TEM is a versatile microscopic technique being used for the study of morphology, 

crystallinity and average crystalline size of materials.  The main source of TEM is the 

electron gun which generates high energy beam of electrons. These electrons are 

bombarded on materials (thin films) of thickness less than 200 nm. The well focused 

beam has an adequate amount of energy for the electrons to be transmitted via the ultra 

thin specimen and the signal of scattered or transmitted electron is significantly 

magnified by a sequence of electromagnetic objective lenses. Finally, the magnified 

lenses produce desired TEM image of the sample [23]. The Selected area electron 

diffraction (SAED) is a well established crystallographic experimental technique used to 
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investigate the phase purity, orientation of diffraction planes, d-spacing and                 

crystalline nature of a given material [24]. SAED was performed inside the TEM. It 

provides different type of ring pattern depends upon the crystalline nature of the samples: 

a) the spot ring pattern indicates the well-defined single phase crystalline materials and  

b) the concentric ring or diffused ring pattern represents the polycrystalline nature of the 

material [25]. 

In the present work TEM and SAED studies for the synthesized undoped and 

doped metal oxide nanoparticles were carried out using TEM (Model: Philips CM 200) 

technique. 

3.4.5.  UV- Visible absorbance (UV-Vis.) studies 

The UV-Visible absorption spectroscopy is one of the important non-destructive 

tools used to find out the energy gap of semiconducting materials. The energy gap of host 

materials changes as the dopant creates the crystal imperfection. Usually, three forms of 

spectra are being used to analyze the absorption maxima of synthesized pristine and 

doped nanoparticles i.e., absorbance, reflectance and transmittance [26]. The plot of 

absorbance or reflectance or transmittance versus wavelength in the UV-Visible spectra 

depicts the electronic transition between lower to higher energy states of the molecules as 

a result of light absorption. The band gap of material could be estimated by using the 

position of absorption peaks in absorption spectra [27]. The optical properties of 

nanomaterials can also investigate by the diffuse reflectance spectrum (DRS), which is 

also adopted as standard analysing technique in recent years. Reflectance spectroscopy 

and UV-Vis. spectroscopy are closely related techniques because in both the methods 

visible light was used for the excitation of valence electrons to the vacant orbitals. The 
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relative change in transmittance of light when it passes through the solution gives the 

UV-Vis. spectra whereas in diffuse reflectance spectra the relative change in the amount 

of reflected light from the material surface is measured [28].    

In the present work, UV-VIS-NIR spectrophotometer (model: Ocean optics, USB 

4000, USA) was used to study the absorbance and reflectance spectra of metal oxide 

nanoparticles. The UV-Visible spectra have been recorded in the wavelength range             

300-800 nm.  

The band gap of synthesized semiconducting nanoparticles has been calculated 

using the following methods: 

a) General method 

The optical band gap of undoped and doped nanoparticles was calculated using 

the following equation [29]: 

     E =  

where, h = Planck’s constant (J s),   c = Velocity of light (m/s) and λ = Photon 

wavelength (nm). 

b) Tauc plot method 

A Tauc plot is another method used for the determination of energy gap of 

undoped and doped nanomaterials. The Tauc relation is given by the following relation 

[30]:  

(αhν)1/n = A (hν – Eg) 

where, h = Planks constant (6.626 x 10-34 J s), A = Energy-independent constant,                        

α = Absorption coefficient, Eg = Optical bandgap of valence and conduction band (eV),  

hc 
λ 
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n = Constant, which determines the type of optical transition. For direct allowed 

transition, n = 1/2; for indirect allowed transition, n = 2. 

On plotting the values of (αhν)2 versus hν, a better linearity has been observed for 

the direct transition. The band gap energy has been obtained by extrapolating the linear 

part of the curves to energy axis (X-axis). 

c) Kubelka-Munk plot method 

In this method, the optical band gap measurement was carried out by diffused 

reflectance spectroscopy. The Kubelka-Munk relation is expressed as [31]: 

F(R) = (1-R)2/ 2R 

where, F(R) = Kubelka-Munk function, R = Reflectance of the sample 

d) The conduction bands of synthesized metal oxide nanoparticles were calculated 

using the following equations [32]:  

ECB = χ – Ee – 0.5 Eg 

gE = 
max

1240
λ

 eV 

E(AVS)  =  – ENHE – 4.5 

where, χ = Absolute electronegativity of semiconductors, Ee = Energy of electrons                    

in hydrogen scale (4.5 eV), Eg = Energy gap of semiconducting nanoparticles,                  

λmax = Optical absorption maxima of nanoparticles. 

3.4.6.  Cyclic voltammetric (CV) studies 

CV is a versatile, prominent and widely used electroanalytical technique for 

investigating the oxidation and reduction behavior of electro-active species [32]. A three 
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HOMOLUMOg EEE −=

)/8.4(/ oxd
onset

red
onsetHOMOLUMO EEEE +−=

electrode system comprising working or indicator electrode, counter or auxiliary 

electrode and reference electrode has been used. The electrode potential is varied in a 

desired fashion with reference to a suitable reference electrode and the current that flows 

between counter and auxiliary electrode is measured [33]. The oxidizing and reducing 

capacity of the electrode is controlled by the applied potential. Scanning towards the 

negative potential makes the electrode a stronger reductant whereas, scanning towards the 

positive potential makes it a better oxidant [34]. In the present work the electrochemical 

work station (Model: CH Instruments 660D, USA) was used for the voltammetric studies 

of dyes. For cyclic voltammetric studies, 0.1 mM solutions of commercial TB, SPD and 

EB dyes in 0.1 M of KCl solution were used. The potential range for all the dyes was set 

between -1.4 to 1.4 V. A three electrode cell consisting standard calomel, platinum wire 

and pencil graphite as reference, auxiliary and working electrode, respectively was used 

for CV studies. The ferrocene/ferocenium (Fc/Fc+) system has been used as internal 

reference. In the present study, a scan rate of 100 mV/s was employed. The band gap, 

LUMO and HOMO energy levels were calculated by the following equations [35]: 

 eV 

           eV 

   gE = 
max

1240
λ

 eV  

where,  red
onsetE  = Onset oxidation potential (V), oxd

onsetE  = Onset reduction potential (V),                

4.8 eV = Internal reference of ferrocene in vacuum level, maxλ = Optical absorption 

maxima (nm). 
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3.4.7.  Current-voltage (I-V) characteristic studies 

 The I-V characteristic study is the most adoptable experimental technique for the 

measurement of current, voltage and resistance in the photovoltaic cells. It provides the 

information regarding the photo conversion efficiency, short circuit current and open 

circuit voltage [36]. The photoconductivity (I-V) studies of undoped and doped transition 

metal oxide nanoparticles were carried out using Keithley source meter with USB GRIB 

adaptor (Model: Keithley source meter- 2401, USB-888, USA). The I-V measurements 

were performed under dark as well as UV-light conditions. The silver paste was used to 

make good electrical contact. 

3.5. Dye Sensitization of Transition Metal Doped Semiconducting Nanoparticles 

 The transition metal doped nanoparticles films were prepared by using doctor 

blade method. Transparent glass plate of 1.5 x 1.5 cm2 dimension was used as support.  

The glass plate were cleaned in double distilled water, ethanol and acetone for 10 min 

each with ultra sonication to remove contaminations, and finally dried at room 

temperature. The 1 g of synthesized transition metal doped oxide nanoparticles was 

dispersed in ethanol by sonication (for about 5-10 min) until a gelatinous paste of 

appropriate viscosity was obtained. The obtained paste was loaded on a pre-cleaned 

transparent glass plate by doctor blade method using scotch tape as spacer. The paste was 

dispersed uniformly with a glass rod and then dried at 60 oC for 10 min under air to 

eliminate ethanol. Different concentrations of dye solutions (Trypan blue, SPADNS and 

Evans blue) were prepared in a 25 ml (1:3 ratio of water: ethanol) conical flask. As 

prepared nanoparticle films by doctor blade method were dipped in the respective dye 

solutions for 30-45 min, dried in an oven (50-60 oC) for 30 min and used for I-V studies.  
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3.6. Physical Characteristics of Dyes 

Trypan Blue 

Type         :      Azo dye  

Colour    : Blue  

Melting point    : ≥ 300 oC 

Absorption maxima (λmax) : 600 nm 

Solubility     : water soluble (10 mg / ml) and partially soluble in  

     ethanol 

Molecular formula         : C14H24N6O14S4Na4 

Molecular structure        :   

 

 

 

 
 

SPADNS 

Type        :       Azo dye  

Colour    : Red to brown   

Melting point    : ≥ 300 oC 

Absorption maxima (λmax)  : 570 nm 

Solubility     : water and ethanol soluble  

Molecular formula         : C16H9N2O11S3Na3 

Molecular structure             :  
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Evans Blue 

Type         :      Azo dye  

Colour    : Dark brown to block  

Melting point    : ≥ 300 oC 

Absorption maxima (λmax)   : 620 nm 

Solubility     : Water, alcohol and acid soluble 

Molecular formula         : C14H24N6O14S4Na4 

Molecular structure        :  
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Nanotechnology is an emerging field with its varied applications in science and 

technology for the manufacturing of new materials at the nanoscaled level. The 

development of nano-sized metal oxide semiconductors have attracted considerable 

attention because of their special properties such as large surface-to-volume ratio, 

electronic properties and unique optical properties as compared to bulk counter parts. 

Further, the properties of these materials are dependent upon their crystallite size, 

structure and surface conditions. These properties are achieved by variety of experimental 

methods as used in the synthesis of semiconducting metal oxide nanoparticles. Because 

of the extensive research, metal oxide likes zinc oxide (ZnO), tin oxide (SnO2), copper 

oxide (CuO), cadmium oxide (CdO), titanium oxide (TiO2), zinc sulphide (ZnS), indium 

oxide (In2O3) nanoparticles both in pure and doped forms have been investigated in the 

recent years.  In addition, these metal oxide semiconductors are the key factor for    

various energy harvesting related technologies included dye sensitized solar cells, solid 

oxide fuel cells, Li-ion batteries and photo-catalysis (due to photo-stability and 

biocompatibility properties). Therefore, in this chapter the synthesis, characterization and 

properties of ZnO, Cr-ZnO, CuO, Zn-CuO, CdO, Ni-CdO, TiO2, Cr-TiO2, MgO and             

Zn-MgO nanoparticles were discussed in details. This chapter is sub-divided into            

chapter 4.1 to 4.7. 
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4.1. Structural, Optical and Electrical Properties of ZnO and Cr-ZnO 

Nanoparticles  

4.1.1.  Introduction 

Zinc oxide (ZnO) is an important n-type semiconductor nanoparticle, which 

shows unique optical and electronic properties due to its wide bandgap of 3.37 eV and the 

large exciton binding energy (60 eV) at room temperature [1]. Moreover ZnO is a 

commercially available material with the advantage of non-toxicity, low-cost, high 

chemical stability and environmental friendly [2]. Because of these properties, ZnO 

nanoparticles possess many interesting applications in transparent conductive               

coatings [3], electrode materials for dye-sensitized solar cells [4], gas sensors [5] and 

electro-photo luminescent materials [6].  

Doping of various transition metal ions such as  Cu2+, Ni2+, Cd2+, Mn2+ and Cr3+ 

offers feasible means of tuning physical properties, especially optical, electrical and 

magnetic properties with suitable applications. Among these metal ions, chromium has 

been used to enhance the optical properties, magnetic properties and luminescent 

properties of ZnO [7]. Chromium Oxide is the one of the important semiconductor, which 

exists in different phases of chromium oxide, such as Cr2O, CrO, Cr3O4, Cr2O3, CrO2, 

Cr8O11 and CrO3.  Among these, Cr2O3 is the most stable phase under normal conditions. 

Amorphous and polycrystalline Cr2O3 has got an increasing interest in a wide variety of 

applications, such as solar absorber for thermal collectors, protective coating layers, 

various catalytic systems [8]. Hence, it is possible to modify the conducting properties of 

ZnO upon doping with Cr.  
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In this chapter, the synthesis of hexagonal prism shaped ZnO and Cr-ZnO             

(0.00 ≤ x ≤ 0.15) using microwave combustion method.  The main goal of this work is to 

discuss the consequence of Cr doping on crystal structure and morphology, optical 

properties and electrical properties with the help of X-ray diffraction studies (XRD), 

Field emission scanning electron microscopy (FE-SEM), Transmission electron 

microscopy (TEM), UV-Visible spectroscopy (UV-Vis) and I-V characterization 

technique.  

4.1.2.  Results and discussion 

4.1.2.1. XRD analysis 

 

 

 

 

 

 

 

 
 

 

 

 

 

 
 

 

Figure 4.1.1. XRD pattern of ZnO and Cr-ZnO (0.00 ≤ x ≤ 0.15) calcinated at 500 oC.                  

(*) represents the secondary phase i.e. Spinel ZnCr2O4.    
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Figure 4.1.1 shows the powder XRD patterns of synthesized ZnO and Cr-ZnO 

nanoparticles. The figures indicated phase purity and structural parameters of ZnO and 

Cr-ZnO (0.00 ≤ x ≤ 0.15). All the diffraction peaks could be indexed to hexagonal 

structure of ZnO, which further confirmed from the JCPDS No.79-0208 (a = 0.3264 nm 

and c = 0.5219 nm) and no peaks corresponds to chromium phase was detected upto              

2 wt% doping of Cr. However, further increase in Cr concentration (above 2 wt %) some 

additional peaks corresponding to Cr phase were observed.  These additional peaks were 

attributed to (220), (311), (400), (422) and (511) planes of secondary phase ZnCr2O4. 

This obviously shows that the incorporation limit for Cr in ZnO is below 4 wt%. At 

higher concentration of Cr (greater than 2 wt%) the probable residence of some Cr atom 

on octahedral interstitial site would increase and results in the formation of secondary 

phase ZnCr2O4 [9]. In addition, diffraction model displayed that Cr-ZnO peaks were 

widened as compared to ZnO peaks and the widening was found to be dependent on the 

Miller indices of the crystal plane. For our synthesized samples, the Bragg’s reflection 

plane (002) is narrower as compared to (100) plane, which in turn is broader than (101) 

peak. This clearly indicated the presence of asymmetry in the crystalline shape and 

synthesized materials are in the nanometre range [10]. To confirm the probable 

incorporation of Cr instead of Zn in Cr-ZnO, the shift of angle (2θ) for the ZnO along 

(100) and (002) planes as a function of doping was observed (Figure 4.1.2 (a)). The peaks 

position was first slightly shifted towards lower angle (left) as Cr doping content 

increased from 0 to 2 wt% and on further doping of Cr, the peaks  positions were slightly 

shifted towards higher angle (right). The variation in the diffraction angle shows that the 

microstructure and crystallite size are affected by Cr doping. Moreover, the intensity of 

XRD peak (100) was increased for doped sample upto a concentration of 2 wt% of Cr 

and above 2 wt% but below 8 wt% of Cr, FWHM found to be narrowed down with an 
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increase in intensity. Above 8 wt% of Cr doping in to ZnO lattice resulted in an increase 

in FWHM. This shown that, noticeable changes in lattice parameter a, but observable 

decreases in lattice parameter ‘c’ [11].   

 

 

 

 

 

 

 

Figure 4.1.2: (a) Shifting of peak position of ZnO and Zn1-xCrxO (0.00 ≤ x ≤ 0.15) 

nanoparticles. (b) The change in the cell constants a and c of ZnO with different Cr 

concentrations. 

 

 

 

 

 

 

 

Figure 4.1.3: Dislocation density, micro strain and crystallite size of undoped ZnO and 

Cr-ZnO (0.00 ≤ x ≤ 0.15) calcinated at 500 oC. 
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Figure 4.1.2(b) shows that the lattice parameters ‘a’ and ‘c’ have no systematic 

variation with increase in Cr content. This is due to mismatch in ionic radius between 

Zn2+ and Cr3+. However, the c/a ratio of unit cell parameters reveals the hexagonal 

structure of ZnO which is not affected by Cr doping [12].   

Figure 4.1.3 depicts the relations between dislocation density, micro-strain and 

crystallite size for undoped and Cr-ZnO nanoparticles, which are calculated from the 

XRD data. This revealed that the dislocation density is directly proportional to micro-

strain and inversely proportional to crystallite size, i.e., for all the samples, as the 

dislocation density was increased simultaneously in the micro-strain and decrease in 

crystallite size or vice-versa [13]. The calculated values of crystallite sizes, dislocation 

density and micro-strain of ZnO and Cr-ZnO are tabulated in Table 1. 

Table 1. Lattice constant, cell volume, average crystallite size and micro-strain of ZnO 

and Cr-ZnO nanoparticles 

Property ZnO 2% Cr 4% Cr 6% Cr 8% Cr 10% Cr 15% Cr 

a (Å) 3.271 3.285 3.261 3.235 3.240 3.252 3.234 

c (Å) 5.264 5.256 5.223 5.186 5.191 5.211 5.184 

Cell volume  
(Å)3 48.789 49.118 48.099 47.000 47.190 47.724 46.952 

Average 
Crystallite size 
(nm) 

37.04 40.38 38.61 38.50 36.54 28.34 32.44 

Micro-strain 
(ε) in x 10-3 9.9412 0.8932 0.9002 0.9100 0.9507 1.0769 1.3024 

Dislocation 
density in                 
x 1014 

7.28888 6.1329 6.7081 6.7465 7.4896 12.4509 9.5025 
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(a) (b) 

4.1.2.2. FE-SEM and EDAX analysis 

The surface morphologies of undoped ZnO and doped Zn1-xCrxO (0.0 ≤ x ≤ 0.15) 

nanoparticles are shown in Figure 4.1.4(a-f). Figure 4.1.4(a) shows the surface 

morphology of undoped ZnO nanoparticles. It has a hexagon-prism like structure with 

uneven grain size of  ~ 30-66 nm and having a better crystalline quality. The doping of             

2 wt% of Cr, ZnO nanoparticles were turned into hexagon like structure. On further 

doping of Cr to 4-8 wt% in the Cr-ZnO lattice resulted in the mixture of hexagon and 

needle like structure. This shows that the needle like structure of secondary phase was 

developed on the surface of ZnO. However, some rods like structures were appeared at 

10-15 wt% of Cr doping. The decrease in the crystallite size is attributed to the 

suppression of nucleation and subsequent growth of ZnO nanoparticles upon Cr              

doping, while increase in the grain size was due to the secondary phase formation [14]. 

Figure 4.1.4(h) shows the EDAX spectrum of 8 wt% Cr-ZnO. The EDAX spectrum of 8 

wt% of Cr-ZnO shows an evidence for the presence of Cr, Zn and O. The C and Al peaks 

in the spectrum are due to the carbon tape used on the copper grids [15] and the Au peaks 

are due to the gold coating deposited on the specimens for FE-SEM study [16]. 
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Figure 4.1.4:  FE-SEM images of (a) Undoped ZnO, (b) 2 wt% of Cr-ZnO, (c) 4 wt% of          

Cr- ZnO, (d) 6 wt% of Cr-ZnO, (e) 8 wt% of Cr-ZnO, (f) 10 wt% of Cr-ZnO, (g) 15 wt% 

of Cr-ZnO, (h) EDAX image of 8 wt% of Cr-ZnO.  
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4.1.2.4. TEM analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1.5: TEM image and SAED pattern of undoped ZnO (a), (b), TEM image and 

SAED Pattern of Cr-ZnO (4 wt%) (c), (d) and TEM image of needle shaped secondary 

phase at 8 wt% of Cr-ZnO (e). 
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Figure 4.1.5(a-e) shows the TEM images and selected area of electron diffraction 

(SAED) patterns of the ZnO and Cr-ZnO (4 wt%) prepared by simple microwave 

combustion method and calcinated at 500 oC. The micrographs shows good crystalline 

nature and reveals particle size ranges from 38-62 nm for ZnO and 30-50 nm for              

Cr-ZnO. This is well matched with the crystallite size calculated from XRD using 

Scherrer formula [17]. The SAED patterns reveal the qualitative difference between the 

samples ZnO and Cr-ZnO.  Figure 4.1.5(b) confirmed the formation of a well-defined 

single phase crystals and the wurtzite phase of ZnO. Figure 4.1.5(d) clearly demonstrated 

the polycrystalline type ring structure, which confirms the formation of secondary phase 

at 4 wt% of Cr-ZnO. TEM images also reveal the formation of hexagonal prism like 

structure. On doping of 4 wt% of Cr into ZnO lattice, there is no change in the shape of 

ZnO nanoparticles but needle like structure of secondary phase (i.e., Cr2O3) developed 

simultaneously on the surface of the ZnO as shown in the Figure 4.1.5(e). The formation 

of secondary phase has already been confirmed by the XRD pattern and SEM images of 

4-15 wt% of Cr incorporated into ZnO lattice. TEM images of Cr-ZnO also confirmed 

the solubility of Cr in the ZnO lattice when the Cr content was below 4 wt% [18]. 

4.1.2.5. UV-Visible spectral analysis  

The UV-Vis. absorption spectroscopy is one of the important tools used to study 

the optical properties and to examine the doping effects of the host metal oxide 

nanoparticles. Figure 4.1.6(a) shows the UV-Vis. spectra of doped and undoped ZnO 

nanoparticles with different concentration of Cr calcinated at 500 oC.  This reveals the 

optical absorption edge of Cr-doped samples show a red shift compared undoped ZnO 

nanoparticles. Figure 4.1.6(b) shows the optical band gap of ZnO and Cr-ZnO was 
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calculated using Tauc plot method [(hν) v/s (αhν)2] [19]. Energy band gap can be 

obtained by extrapolating the linear part of the curves to the photon energy axis. The 

measured optical band gap Eg values were found to be 3.31 eV for ZnO, 2.82, 2.81, 2.80, 

2.74, 2.80 and 2.81 eV for Cr-ZnO at different concentration of dopant. Since the 

decrease in the bandgap is due to the secondary electronic states which are formed by 

doping of Cr and from transition between partially forbidden valence band and 

conduction band [20]. The increase in the band gap can also be studied on the basis of 

Moss-Burstein effect. The fermi-level shifts close to the conduction band on increase in 

the carrier concentration. Then the low energy level of transition was prevented and 

increases the bandgap at 10-15 wt% [21].   

 

 

 

 

 

 

 

 

Figure 4.1.6:  (a) UV-Vis spectra, (b) Tauc plot of undoped and Cr doped ZnO                    

(0.0 ≤ x ≤ 0.15) nanoparticles. 

4.1.2.6.  Electrical properties of ZnO and Cr-ZnO nanoparticles 

The I-V characteristics studies of ZnO and Cr-ZnO nanoparticles have been 

carried out using silver paste to make good electrical contact.  Figure 4.1.7(a-b) show the 
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I-V characteristics of ZnO and Cr-ZnO under the dark and UV-light condition. The 

electrical conductance and resistance are the two important parameters to investigate the 

function of ZnO and Cr-ZnO nanoparticles [22]. From these curves, it can be seen that 

the pure ZnO nanoparticles show poor conductivity in the dark condition. This is due to 

the effect on the mobility of charge carriers present in the grain boundaries. These 

boundaries act as dissemination sites and potential walls which lead to reduce the carrier 

mobility by increasing resistance and decreasing the current intensity [23]. The resistivity 

was decreased by doping of Cr into ZnO lattice (2-8 wt%). In the case of doping, the 

replacement of Zn by Cr which introduces the large number of electrons in the doped 

samples, thereby increase in the charge carriers. Thus increases the current intensity of 

doped nanoparticles. However, with further incorporation of Cr in to ZnO lattice the 

resistivity was increases results in the segregation of Cr takesplace in the grain 

boundaries or interstices. Moreover, at higher doping concentration of Cr the neutral 

defects may be observed. So these defects neutralize the excess charge carriers. This may 

enhance the resistivity [24]. Under suitable condition, the UV-light illuminated on the 

prepared samples of ZnO and Cr-ZnO increases the current intensity due to increase the 

mobility of charge carriers. Which is significantly improves the current intensity and 

decreases the resistivity of the pure and Cr-ZnO nanoparticles [25]. In the present work, 

I-V curves were analyzed simultaneously with the optical band gaps for the synthesized 

samples. This shows the significant relationship between the variation of resistance and 

current intensity of the pure ZnO and Cr-ZnO nanoparticles. The remarkable increase in 

the current intensity by these samples may results in higher efficiency of the solar             

cells [26].  
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Figure 4.1.7:  I-V characteristics of undoped ZnO and Cr-ZnO in dark (a) and UV-light 

(b) conditions. 

 

4.1.3.  Conclusions 

In this study, a simple microwave combustion method was used to synthesize 

pure ZnO and Cr-doped ZnO nanoparticles. The effect of Cr doping on the structure, 

optical and electrical properties of ZnO were studied. The particle size of the synthesized 

nanoparticles was found to be ~ 30-66 nm. The SEM and TEM analyses were showed 

that the crystal structure of ZnO and Cr-ZnO. The optical properties of synthesized 

nanoparticles were studied by measuring of band gap energy. This reveals that with 

increasing the doping concentration of Cr upto 8 wt%, the band gap edge shifted to 

longer wavelength region. The I-V characteristics of the ZnO and Cr-ZnO nanoparticles 

in dark and under UV-light illumination showed that, the band gap of ZnO found to be 

decreased with increase in Cr content upto 8 wt%. Therefore estimated optical band gap 

energy, conductance, resistance are also very useful for application of Cr-ZnO in the 

solar cells and optical devices. The proposed microwave method is simple, easy to 

operate, less time consuming and inexpensive. 
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4.2. Structural, Optical and Electrical Properties of CuO and Zn-CuO 

Nanoparticles  

4.2.1.  Introduction 

Copper oxide (CuO) is an important semiconducting transition metal oxide with a 

monoclinic crystal structure and it has been studied as a p-type semiconducting metal 

oxide with a bandgap of 1.7 eV [27]. The CuO is being used as a novel material because 

of the ease of availability of raw materials, low processing cost, non-toxic nature, 

excellent thermal stability, good optical and electrical properties [28]. The unique 

physical, chemical and electrical properties of CuO nanoparticles has many potential 

applications in the fields of photo catalyst [29], batteries [30], gas sensing [31], solar cells 

[32] and biosensors [33]. It has been highlighted that the crystal shape and size are the 

two important considerations to control the optical and catalytic properties of CuO 

nanoparticles. 

The doping is used to modify the optical and electrical properties of the host 

material by the addition of impurity ions into the lattice of the host material. Currently, an 

extensive research has been carried out to investigate the effect of doping elements such 

as Ni2+, Co2+/3+, Zn2+, Cd2+, Cr2+/3+ and Fe2+/3+ on the electrical, optical and magnetic 

properties of CuO nanoparticles. Of all the transition metal ions, Zn2+ causes more 

effective doping with CuO since the ionic radius of Zn2+ (0.60Å) and Cu2+ (0.57 Å) are 

similar to each other. Hence Zn2+ ion can be easily incorporated into the CuO lattice 

without destroying the crystal structure [34]. The conducting property of the 

nanomaterials depends upon the energy gap or band gap between the valence band and 

conduction band. It is possible to modify the conducting properties of CuO upon doping 

with Zn.  
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In this chapter, the synthesis of CuO and Zn-CuO nanoparticles (0.00 ≤ x ≤ 0.10) 

via microwave combustion method has been reported.  The main goal of this work was to 

study the consequences of Zn doping on crystal structure, optical and electrical properties 

of CuO. The synthesized CuO and Zn-CuO nanoparticles were characterized with the 

help of X-ray diffractometry (XRD), Field emission scanning electron microscopy                

(FE-SEM), Transmission electron microscopy (TEM), UV-Visible spectroscopy                 

(UV-Vis.) and Photoconductivity techniques. The obtained results were discussed in 

terms of optical and electrical properties in correlation with crystal shape and size. 

4.2.2.  Results and discussion 

4.2.2.1 XRD analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.2.1: X-ray diffraction pattern of CuO and Zn-CuO (0.00 ≤ x ≤ 0.10) 

nanoparticles calcinated at 600 oC. 
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The Figure 4.2.1 displays X-ray diffraction pattern (XRD) of the CuO and                 

Zn-CuO nanoparticles. The figure shows the phase purity and structural parameters of 

CuO and Zn-CuO nanoparticles (0.00 ≤ x ≤ 0.10, where ‘x’ represents molar 

concentration of dopant). The result shows a typical diffraction peaks at 2θ = 32.52°, 

35.45°, 38.76°, 48.76°, 53.50°, 58.31°, 61.56°, 66.25°, 68.12°, 72.42° and 75.25°, which 

correspond to (110), (002), (111), (202), (020), (202), (113), (311), (220), (311) and (044) 

Bragg's reflection planes of monoclinic (Tenorite) crystalline CuO (C2/c symmetry 

group) according to JCPDS file no: 41-0254. A careful analysis of diffraction pattern 

shows that there is no trace of Zn related phases (metallic zinc, zinc oxide or binary zinc 

copper phases) or clusters for all Zn-CuO samples. This suggested that the dopants are 

well-integrated into the CuO lattice sites during the growth process. But the peak 

appeared in the 2θ range 40-45° may be attributed to the hydrated CuO according to 

JCPDS no. 42-0746. The appearance and disappearance of the peak positioned between 

40-45° may be due to poorly differentiated (122) plane in the doped samples [35]. The 

CuO peaks were found to be broader as compared to Zn-CuO peaks. The diffraction 

plane (202) was narrower than (002) plane, and (002) in turn was narrower than (111) 

plane. This clearly indicated the existence of asymmetry in the crystalline shape and 

synthesized materials were in the nanometre range [36]. To confirm the substitution of 

Zn2+ ions in place of Cu2+ ions in Zn-CuO nanoparticles, the shift of angle (2θ) along 

major (111) and (002) diffraction planes as a function of doping was observed. These 

data reveals that, the positions of peaks slightly shifted towards the right side upto             

-                                     -                                     -   
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4 mol% of Zn and on further increase in the doping percentage, the peaks were slightly 

shifted towards the left side of the graph. The deviation in the diffraction angle indicated 

that the microstructure and crystallite size of Zn-CuO nanoparticles are dependent on the 

percentage of Zn doping. Also, with increase in Zn content upto 4 mol% the peak 

intensity of (111) and (002) planes has been increased and above 4 mol% of Zn in CuO 

lattice has resulted in the broadening of FWHM with a subsequent decrease in the peak 

intensity [37]. The lattice parameters for CuO and Zn-CuO were calculated from XRD 

data. It reveals that, there is no linear dependence of the lattice parameters with the 

concentration of Zn content [38]. This can be explained on the basis of the replacement of 

larger ionic radius Zn2+ ion (0.60 Å) with smaller ionic radius Cu2+ ion (0.57 Å) [39].  

 

 

 

 

 

 

 

Figure 4.2.2: (a) The shift of peak position of CuO and Zn-CuO (0.00 ≤ x ≤ 0.10) 

nanoparticles, (b) The change in the FWHM of CuO with different Zn concentration. 



                    Chapter-4  
   

 65 

0 2 4 6 8 10
20

30

40

50

60

70

80

90

0 2 4 6 8 10
0

2

4

6

8

10

12

14

16

C
ry

st
al

lit
e 

si
ze

 (n
m

)

 Crystallite size

 

 

 Dislocation density

% of Zn doping

D
is

lo
ca

tio
n 

de
ns

ity
 (1

014
)

0 2 4 6 8 10
20

30

40

50

60

70

80

90

0 2 4 6 8 10

0.4

0.6

0.8

1.0

1.2

1.4

C
ry

st
al

lit
e 

si
ze

 (n
m

)

 Crystallite size

 

M
ic

ro
-s

tr
ai

n 
(1

0-3
)

 Micro-strain 

% of Zn doping

Figure 4.2.2(b) shows the decrease in full width at half maxima (FWHM) for           

Zn-CuO nanoparticles as compared to pure CuO nanoparticles. This is due to the 

crystallite size induced or micro-strain induced reduction, since (111) and (002) peaks 

positions almost have changed as shown in Figure 4.2.2(a) [40]. Figure 4.2.3 clearly 

indicates that the micro-strain is directly proportional to the dislocation density and 

inversely proportional to the crystallite size. Dislocations are the irregularity in a crystal 

which arises due to the lattice mismatch from one part of the crystal to another part. In 

this case, the dislocation densities were found to vary along with micro-strain as shown in 

Figure 4.2.3(a) and 4.2.3(b) [41].  The crystallite size (D), dislocation density (δ) and 

micro-strain (ε) of CuO and Zn-CuO nanoparticles were calculated and are given in  

Table 2. 

 

 

 

 

 

 

 

Figure 4.2.3: Inter-relation between crystallite size, micro-strain and dislocation density 

of CuO and Zn-CuO (0.00 ≤ x ≤ 0.10) nanoparticles calcinated at 600 oC. 
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Table 2. Calculated values of lattice parameters, cell volume, average crystallite size,   

micro-strain and dislocation density 

Property CuO Cu0.98Zn0.02O Cu0.96Zn0.04O Cu0.94Zn0.06O Cu0.92Zn0.08O Cu0.90Zn0.10O 

x (Å) 4.7174 4.6909 4.6807 4.7126 4.6968 4.7030 

y (Å) 3.4321 3.4262 3.4204 3.4366 3.4270 3.4357 

z (Å) 5.1465 5.1302 5.1265 5.1464 5.1282 5.1443 

β (º) 99.693 99.522 99.500 99.628 99.552 99.596 

Cell 
volume             
(Å )3 

82.1388 81.3164 80.9529 82.1748 81.3987 81.9590 

Average 
crystallite 
size (nm) 

26.21 80.04 81.83 47.24 64.57 38.23 

Micro-
strain (ε) in 
x 10-3 

1.3242 0.4475 0.4380 0.7992 0.6367 0.9965 

Dislocation 
density(δ) 
in x 1014 

14.556 1.561 1.494 4.481 2.398 6.842 

 
4.2.2.2. SEM and EDAX analysis 
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Figure 4.2.4:  FE-SEM images of (a) undoped CuO, (b) 2 mol% of Zn-CuO, (c) 4 mol% 
of  Zn-CuO, (d) 6 mol% of Zn-CuO, (e) 8 mol% of Zn-CuO, (f) 10 mol% of Zn-CuO,  
(g) flower shaped agglomerated Zn-CuO nanoparticles at 8 mol% Zn, (h) flower shaped 
agglomerated Zn-CuO nanoparticles at 10 mol% Zn. 

(g) (h) 

(e) (f) 

(c) (d) 
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 The morphological characteristics of CuO and Zn-CuO (0.00 ≤ x ≤ 0.10) 

nanoparticles are shown in Figure 4.2.4(a-h). Figure 4.2.4(a) shows FE-SEM 

photomicrograph of synthesized CuO nanoparticles. The image shows that the metal 

oxide has got a mixture of cubes and rod-like structures with an uneven grain size of            

21-100 nm with a better crystalline quality. This is due to the anisotropic growth of 

monoclinic CuO crystal consisting of alternately arranged O2- and Cu2+ ions along the 

specific directions [42]. In general, Zn doping does not have much influence on the 

morphology of CuO. But upon Zn doping, variation in the size of the CuO           

nanoparticles with the formation of elongated and small nanostructures have been 

observed. Figure 4.2.4(g-h) show the low magnification FE-SEM images of flower 

shaped Zn-CuO nanostructures. The XRD data revealed that the average size of the 

particles has been increased upto 4 mol% of Zn and on further increase in the 

concentration, the size of the particles was found to be varied irregularly due to the 

induction of micro-strain and lattice mismatch in the lattice [43]. This can also be 

observed in the SEM photomicrographs.  Figure 4.2.5 shows the EDAX spectra of pure 

CuO and 8 mol% Zn-CuO nanoparticles. The EDAX analysis of Zn-CuO nanoparticles 

confirmed the presence of Zn in CuO lattice [44].  
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Figure 4.2.5: EDAX spectra of (a) undoped CuO, (b) 2 mol% of Zn-CuO, (c) 4 mol% of  

Zn-CuO, (d) 6 mol% of Zn-CuO, (e) 8 mol% of Zn-CuO, (f) 10 mol% of Zn-CuO. 

(a) (b) 

(c) (d) 

(e) (f) 
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4.2.2.3. TEM analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.6: TEM images and SAED pattern of undoped CuO and 8 mol% Zn-CuO 

nanoparticles calcinated at 600oC. 

(a) (b) 

(c) (d) 

(e) (f) 
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 Figure 4.2.6(a-f) show the transmission electron microscopic (TEM) images and 

selected area electron diffraction (SAED) images for CuO and Zn-CuO (8 mol% of Zn) 

nanoparticles synthesized via microwave combustion method and annealed at 600 oC. 

Figure 4.2.6(a) and (c) show the cube-like structures of CuO and Zn-CuO nanoparticles 

with different particle size. Figure 4.2.6 (b) shows the rod-shaped CuO nanocrystals of 

length 386.45 nm and breadth 59.40 nm. For both CuO and 8 mol% Zn-CuO 

nanoparticles, the agglomeration of crystals has been observed. The extent of 

agglomeration is small in pure CuO as compared to 8 mol% of Zn-CuO nanoparticles. 

Figure 4.2.6 (d) shows the agglomeration of individual Zn-CuO nanoparticles forming 

flower-shaped nanostructures. The particles size have been calculated from TEM images 

and were found to be in the range of 30-100 nm for CuO and 71-186 nm for 8 mol%             

Zn-CuO nanoparticles [45]. The SAED pattern of CuO and  Zn-CuO is shown in               

Figure 4.2.6(e-f). The SAED pattern of CuO shows diffused rings, indicating that the 

synthesized material is polycrystalline in nature. On the other hand, SAED pattern of             

Zn-CuO confirmed the formation of well-defined single phase crystal with monoclinic 

structure. Hence, the results of SAED also support the experimental evidences observed 

from the XRD results [46]. 

4.2.2.4. UV-Visible spectral analysis 

Figure 4.2.7 shows the optical properties of CuO and Zn-CuO nanoparticles. The 

UV-Vis. spectra have been recorded in the wavelength range 300-800 nm at room 

temperature. The absorption spectrum has been used to derive the optical bandgaps of 

CuO and Zn-CuO nanoparticles. The direct band gap of CuO nanoparticles has been 

found to be 2.31 eV. Upon doping of Zn upto 2-4 mol%, the optical absorption edge has 
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slightly shifted towards longer wavelength (2.17-2.12 eV) and on further increase in                

Zn content, the absorption edge has shifted towards shorter wavelength (2.21-2.25 eV). 

This attribution of absorbance mainly depends upon some of the factors like particle size, 

oxygen deficiency, lattice strain and thickness [47]. The optical band gap (Eg) of pure 

CuO and Zn-CuO is derived from the Tauc’s formula, (αhν) 1/n = A (hν-Eg ), where h is 

Planks constant (6.626 x 10-34 J s), A is an energy-independent constant, α is the 

absorption coefficient, Eg is the optical bandgap of valence and conduction band                 

(eV) and n is determined the optical transition of semiconductor. On plotting the values 

of (αhν)2 versus (hν), a better linearity has been observed for the direct transition            

(Figure 4.2.8). The band gap of Zn-CuO with different concentration of Zn was found to 

be 2.17, 2.12, 2.23, 2.21 and 2.25 eV for 2, 4, 6, 8 and 10 mol%, respectively [48].  

 

 

 

 

 

 

 

 
 

Figure  4.2.7: UV-Visible spectra of CuO and Zn-CuO (0.00 ≤ x ≤ 0.10) nanoparticles. 
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Figure 4.2.8:  Tauc plot of (a) undoped CuO (b) 2 mol% of Zn-CuO (c) 4 mol% of             

Zn-CuO (d) 6 mol% of Zn-CuO (e) 8 mol% of Zn-CuO and (f) 10 mol% of Zn-CuO 

nanoparticles. 
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4.2.2.5. Electrical properties of CuO and Zn-CuO nanoparticles 

 

 

 

 

 

 

Figure 4.2.9: I-V characteristics of undoped CuO and Zn-CuO nanoparticles calcinated 

at 600 oC. 

The current and resistance are the two parameters play an important role in the 

investigation of electrical properties of conducting materials [49]. According to Ohm’s 

law, the current in a circuit is directly proportional to the voltage across the circuit and 

inversely proportional to the total resistance in the circuit [50]. The I-V characteristic 

studies of CuO and Zn-CuO nanoparticles have been carried out using silver paste to 

make good electrical contact. Figure 4.2.9 shows the I-V characteristics of CuO and             

Zn-CuO under the dark and UV-light condition. From the I-V curves, it can be seen that 

the pure CuO sample shows very high resistance in the dark condition. This may be due 

to the effect of grain boundaries on the mobility of charge carriers. These boundaries act 

as dissemination sites and potential walls which lead to a reduction in the carrier mobility 

by increasing the resistance and decreasing the current [51]. At low concentration of Zn 

doping (2-4 mol%) into CuO lattice, the decrease in resistance is due to the replacement 

of Cu2+ (3d9) ions by Zn2+ (3d10) ions which introduce a number of electrons in the doped 

films and thus the charge carriers. Hence the conductivity of Zn-CuO nanoparticles has 
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been enhanced. However, with further increase in the doping concentration of Zn, a slight 

increase in the resistance was observed. This reduction in conductance at higher 

concentration of Zn dopant could be attributed to the segregation of Zn ions in the grain 

boundaries. Moreover, at higher concentration of Zn the neutral defect may be observed. 

As a result of these defects the excess charge carriers get neutralize and leads to an 

increased resistivity [52]. The prepared CuO and Zn-CuO nanoparticle have shown a 

considerable enhancement in the conductivity under UV-light condition. This indicated 

that the motion of charge carriers increases under the light condition and considerably 

improves the conduction of CuO and Zn-CuO nanoparticles [53]. The remarkable 

increase in the conductance by these samples may result in higher efficiency of the solar 

cells [54].  

4.2.3.  Conclusions 

In the present work, synthesis of CuO and Zn-CuO nanoparticles via simple 

microwave combustion method has been reported. The effect of Zn doping on the 

structural, optical and electrical properties of CuO nanoparticles have been studied. The 

SEM and TEM analysis revealed that the size and morphology of Zn-CuO nanoparticles 

depend on the concentration of Zn dopant. The optical properties of synthesized 

nanoparticles were studied by measuring of band gap energy. This reveals that with 

increasing the doping concentration of Zn upto 4 mol%, the band gap edge shifted to 

longer wavelength region. The I-V characteristic studies of CuO and Zn-CuO 

nanoparticles in dark and under UV-light illumination have shown the dependency 

between the conduction and the concentration of dopant. Therefore estimated optical 

band gap energy, conductance and resistance of Zn-CuO are very useful for the 

applications in the solar cells and optical devices. 
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4.3. Structural, Optical and Electrical Properties of CdO and Ni-CdO 

Nanoparticles  

4.3.1.  Introduction 

Cadmium Oxide (CdO) is an interesting n-type semiconductor, with a direct band 

gap of 2.3 eV and indirect bandgap of 1.98 eV. It has been studied for a variety of 

potential applications like organic solar cells [55], eliminating cancer cells [56], 

photocatalyst [57], light emitting diodes [58], flat display panels [59], photovoltaics [60] 

electrochemical study of drugs [61] and heat mirrors [62]. However, various 

nanostructures of pure CdO and transition metal doped CdO nanoparticles (such as 

nanoprisms, nanorods, nanoflowers, nanosheets, nanospheroids etc.) have drawn more 

importance compared to other wide bandgap metal oxides (ZnO, TiO2, SnO2) because of 

their structural dependent properties such as narrow band gap, good electrical 

conductivity, low processing cost and excellent thermal stability [63]. Hence, recent 

application oriented research is more focussed at controlling the crystallite size and shape 

to improve the optical absorption and electrical properties of CdO nanostructures [64]. 

Various efforts have already been made for improvement of physiochemical properties of 

CdO nanomaterials such as morphological, magnetic, optical and electrical properties by 

doping with different transition and inner-transition elements [65]. Recently, doping of 

two or more elements instead of single element has also been adopted to enhance the 

above properties. The existence of two or more transition elements simultaneously in the 

host material helps to increase the impurity (electronic) states between the valence and 

conduction band. Hence, very high enhancement of optical and electrical properties of 
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nanomaterial was observed [66]. But harsh conditions such as high temperature, high 

pressure and highly sophisticated instruments are required for multiple elements doping 

when compared to single element doping process. Due to these reasons, single metal ion 

doping has been adopted in the present work. Of all the transition metals, Ni is selected as 

one of the effective dopant material for CdO as the ionic radius of Ni2+ ion is smaller than 

the ionic radius of Cd2+ ion. Hence, substitution of Ni2+ ion into CdO lattice is more 

facile. Also, divalent nickel oxide is a p-type semiconductor with a stable wide bandgap 

of 3.5-4.0 eV. A single crystal of NiO has potential applications in electrochromic films, 

batteries and extensively studied in dye sensitized solar cells due to its salient 

characteristics such as electrochemical stability, non-toxicity, thermal stability and               

low-cost of the starting materials [67]. Hence, it is possible to modify the conducting 

properties of CdO by doping with Ni2+. The conducting properties of CdO depend on the 

energy gap formed by the incorporation of Ni2+. 

To the best of our knowledge, the preparation of CdO and Ni-CdO nanoparticles 

using microwave combustion method is very less explored. Hence, we report the 

synthesis of Ni-CdO using simple micro-wave assisted combustion method. The 

consequences of Ni2+ doping on crystal structure, optical and electrical properties of  

CdO have been studied with the help of field emission scanning electron microscopy 

(FE-SEM), X-ray diffractometry (XRD), UV-Visible spectroscopy (UV-Vis.), 

transmission electron microscopy (TEM) and photoconductivity techniques. The obtained 

results have been discussed in terms of optical and electrical properties in correlation 

with structure and microstructure. 
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4.3.2. Results and discussion 

4.3.2.1. XRD analysis 

The powder X-ray diffraction study was carried out to investigate the phase purity 

and structural parameters of CdO and Ni-CdO nanoparticles. Inset Figure 4.3.1(a) 

illustrates a typical X-ray diffraction spectrum of CdO nanoparticles prepared by the 

microwave combustion method. The six strong Bragg’s reflection peaks are noticed at 

32.69°, 38.01°, 54.79°, 65.75°, 68.86° and 81.80° which can be assigned to diffraction 

from (111), (200), (220), (311), (222) and (400) planes respectively, according to JCPDS 

Card No. 78-0653. This reveals that the resultant nanoparticles were pure CdO with a 

face centred cubic structure (space group: Fm-3m) [68]. Figure 4.3.1(b-f)                                 

shows the X-ray diffraction patterns of Ni-CdO nanoparticles with varying concentrations 

(2 ≤ x ≤ 10 wt%) of Ni2+. The peaks appeared in X-ray diffraction pattern of Ni-CdO are 

well matched with X-ray diffraction pattern of undoped CdO nanoparticles and no 

additional peaks corresponding to secondary phases were found upto 4 wt% Ni2+ doping. 

The result shows that the generated Ni-CdO nanomaterials have good crystalline                

phase and high purity. However, on further increasing the doping percentage of Ni2+               

(x = 6-8 wt%), a very small peak of new phase emerges at 43.02° in the X-ray diffraction 

spectrum. This impurity phase in the X-ray diffraction pattern is assigned to (200) plane 

(JCPDS Card No. 65-2901, a = 4.194 Å, V = 73.80 Å3) of cubic phase NiO nanocrystals, 

which may be due to the excess of unreacted Ni2+in the CdO lattice [69]. Figure 4.3.2 

shows the broadening of Ni-CdO diffraction peaks as compared to CdO diffraction peaks 

and the broadening was found to be based on the Miller indices of the crystal plane. In 

the synthesized materials, the diffraction peak (111) is narrower than (002) peak, and in 

turn (002) peak is narrower than (220) peak. This clearly indicated the presence of 
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asymmetry in the crystallite shape. Further Ni2+ doping is confirmed by the presence of 

small deviation in 2θ values of Ni-CdO peaks, which is attributed to the replacement of 

Cd2+ by Ni2+ and evidenced with an increase of peaks intensities along (111), (200) and 

(220) planes. The planes (111), (200) and (220) initially deviated towards higher 2θ side             

(∆2θ ~ 0.35°) when doping concentration was about 2-4 wt% of Ni2+. The planes              

further deviated by 0.08° (lower 2θ side) in 6 wt% of Ni-CdO and on further doping of 

Ni2+ (8-10 wt%), the angle of planes were slightly deviate towards higher 2θ side 

(∆2θ~0.18°). The deviation of peak positions suggests that Ni2+ ions were successfully 

incorporated into the CdO lattice which leads to imperfections in crystals [70]. The 

intensity of the most intense peak (111) was found to be higher in pure CdO sample and 

for 2-4 wt% of Ni2+ doping the intensity of the peak found to be decreased with an 

improvement in FWHM.  

 

 

 

 

 

 

 

 

 

Figure 4.3.1: XRD patterns of (a) pure CdO, (b) 2 wt% of Ni2+,(c) 4 wt% of Ni2+,              

(d) 6 wt% of Ni2+, (e) 8 wt% of Ni2+,(f) 10 wt% of Ni2+ doped CdO nanoparticles. 
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Figure 4.3.2: The shift of peak position of CdO and Ni-CdO (2 ≤ x ≤ 10 wt%) 

nanoparticles. 

However, with further increase of Ni2+ concentration, the FWHM narrowed down 

with an increase in intensity. This may be due to the presence of secondary phase of NiO 

which generates the micro-strain in the host lattice and compresses the unit volume of  

Ni-CdO. This shows noticeable changes in lattice parameter (a) [71]. The calculated 

average crystallite size (D), micro-strain (ε) and dislocation density (δ) of pure CdO and 

Ni-CdO nanoparticles are tabulated in Table 3. The relation between lattice constant, 

micro-strain, dislocation density and crystallite size for pure CdO and Ni-CdO 

nanoparticles were calculated from the XRD data are depicted in Figure 4.3.3. The 

dislocation density and micro-strain are the two parameters to study the change in crystal 
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nature of CdO nanoparticles upon Ni2+ doping. Dislocation density estimates the density 

of linear defects in the samples and it is defined as the length of dislocation lines per unit 

volume of the crystal [72]. Generally, dislocation density is directly proportional to 

micro-strain and inversely proportional to crystallite size, i.e., for all the samples, as the 

dislocation density of diffraction planes were increased, there was simultaneous increase 

in the micro-strain and decrease in the crystallite size or vice-versa [73].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.3: Variation of crystallite size, micro-strain, dislocation density and lattice 

constants with respect to Ni2+ concentration. 
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In addition, as observed from the experimental results and calculations, it is 

concluded that the lattice constants along (111) planes inversely affect the crystallite size. 

The calculated lattice constant and unit volume are summarized in Table 1. It revealed 

that there was no considerable variation in the lattice constants for undoped and 

Ni2+doped CdO. The ionic radii of Ni2+ and Cd2+ are 0.55Ǻ and 0.95 Ǻ, respectively, and 

therefore the ionic radius ratio of Ni2+/Cd2+ is equal to 0.58. Hence, the smaller sized Ni2+ 

ions could be occupied the interstitial crystalline position of CdO lattice. This also leads 

to a minor shift in lattice constants and Bragg’s angle [74]. 

Table 3. FWHM, average crystallite size, micro-strain and dislocation density values of 

CdO and Ni-CdO nanoparticles 

Property CdO Cd0.98Ni0.02O Cd0.96Ni0.04O Cd0.94Ni0.06O Cd0.92Ni0.08O Cd0.90Ni0.10O 

a (Å) 4.7023 4.7016 4.6964 4.6948 4.6876 4.6932 

Volume (Å)3 103.98 103.93 103.59 103.48 103.00 103.37 

Average 

crystallite size 

(nm) 

51.24 56.60 65.39 50.05 45.91 42.11 

Micro-strain 

(ε) in x 10-3 
0.6901 0.6285 0.5749 0.7177 0.8030 0.8510 

Dislocation 

density (δ) in 

x 1014 

3.8087 3.1215 2.3387 3.9920 4.7444 5.6662 
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4.3.2.2. FE-SEM and EDAX analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.4:  FE-SEM images of (a) Pure CdO, (b) 2 wt% of Ni2+, (c) 4 wt% of Ni2+,  

(d) 6 wt% of Ni2+, (e) 8 wt% of Ni2+ and (f) 10 wt% of Ni2+ doped CdO nanoparticles. 

(a) (b) 

(c) (d) 

(e) (f) 
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 FE-SEM is one of the promising techniques for morphological study of 

nanomaterials. It gives important information regarding the growth mechanism and shape 

of the particles. The FE-SEM image presented in Figure 4.3.4(a) shows that the 

nanoparticles exhibit a well distinguished network of surface features. It was noted that 

the particles have certain homogeneity in size and nearly prismatic shaped particles. The 

grain sizes of pure CdO semiconducting nanoparticles were in the range of 30 to 40 nm 

[75]. Figure 4.3.4(b-f) shows the FE-SEM images of Ni-CdO nanoparticles prepared by 

microwave combustion route. The images reveal that the particles are homogenous in 

morphology with prismatic to spherical shape. The grain size seems to be in the                  

nano-meter range. In addition, porosity was observed in the calcinated Ni-CdO samples 

which are attributed to the release of gaseous products like H2O, CO2 and N2 during 

microwave heating process. The porosity of generated Ni-CdO nanoparticles increases 

with increase in Ni2+ ion concentration. The grain size varies with increase in the 

concentration of Ni2+. The increase in dopant concentration causes more defects and 

deformation in the lattice structures. The existence of more defects greatly degenerates 

the grain size and shape. Hence, the grain size and shape is larger for the doped samples 

than the pure samples [76]. Figure 4.3.5(a-f) shows the EDAX images of CdO and              

Ni-CdO nanoparticles. The typical EDAX spectra of CdO and Ni-CdO nanoparticles 

clearly shows that the peak intensity of Ni increases with increase in Ni2+ ion 

incorporation into the CdO lattice site. This confirmed the existence of Ni in Ni-CdO 

nanocrystals [77].  
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Figure 4.3.5: EDAX pictures of CdO and Ni-CdO nanoparticles calcinated at 500 oC. 
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4.3.2.3. TEM analysis  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.6: TEM images and SAED pattern of pure CdO (a, b) and 6 wt% Ni-CdO             

(c, d) nanoparticles calcinated at 500 oC. 

 

 Complementary morphological description can be achieved through TEM along 

with selected area electron diffraction (SAED) pattern studies. Figure 4.3.6 (a-d) show 

the TEM images and SAED patterns of CdO and Ni-CdO (6 wt%) nanoparticles 

synthesized via microwave combustion method and annealed at 500 °C. Figure 4.3.6(a) 

(a) (b) 

(c) 
(d) 



                    Chapter-4  
   

 87 

200 300 400 500 600 700 800
0

20

40

60

80

100

Re
fle

ct
an

ce
 (%

)

Wavelength (nm)

 Pure CdO
 2 wt% Ni-CdO
 4 wt% Ni-CdO
 6 wt% Ni-CdO
 8 wt% Ni-CdO
 10 wt% Ni-CdO

300 400 500 600 700 800
0

1

2

3

4

Ab
so

rb
an

ce
 (a

.u
.)

Wavelength (nm)

 Pure CdO
 2 wt% Ni-CdO
 4 wt% Ni-CdO
 6 wt% Ni-CdO
 8 wt% Ni-CdO
 10 wt% Ni-CdO

and 4.3.6(c) depict the morphology of CdO and Ni-CdO nanoparticles, respectively. The 

images show a mixture of prismatic and spherical like structures. In addition, the 

micrographs reveal that the grain size ranges from 40-50 nm for CdO and 30-100 nm for 

Ni-CdO nanoparticles. This matches to the crystallite sizes obtained from XRD [78].  

SAED pattern of CdO [Figure 4.3.6(b)] confirms that the product has a well-defined 

single-phase crystal and cubic phase of CdO. In Figure 4.3.6(d), the ring pattern clearly 

demonstrates the polycrystalline nature of Ni-CdO, which confirms the formation of 

secondary phase at 6 wt% of Ni-CdO. All the images of TEM and SAED pattern 

confirmed that Ni2+ is substantially doped in CdO lattice and the particles have several 

single grains of varying sizes and orientations without any major lattice defects [79]. 

4.3.2.4. UV-Visible spectral analysis 

 

 

 

 

 

 

 

Figure 4.3.7: UV-Visible absorption spectra of Cdo and Ni-CdO nanoparticles for 

different Ni2+ concentrations. 
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UV-Vis spectrometry is the most used tool to evaluate the optical properties of 

pristine and transition metal doped semiconducting nanomaterials, because doped 

nanostructures show different optical properties compared to pure nanostructures. 

Usually three forms of spectra are used to analyze the λmax of synthesized samples i.e., 

absorbance, transmittance and reflectance. In the present work, to estimate the optical 

energy gap and related properties, the optical reflectance measurements were carried out 

between 200-800 nm wavelength regions at room temperature [80]. Figure 4.3.7(a) shows 

the diffused reflectance spectra of CdO and Ni-CdO nanoparticles calcinated at 500 °C. It 

reveals that all the prepared samples show perfect reflection in the visible region. The 

reflection (%) of all the Ni-CdO samples increased with increase in the concentration of 

Ni2+.  Figure 4.3.7(b) shows the absorption spectra of CdO and Ni-CdO samples which 

also show the absorption edge of CdO nanoparticles shifted to visible region (red shift) 

after doping of Ni2+ ions (581 nm for CdO, 593, 626, 604, 620 and 610 nm for 2, 4, 6, 8 

and 10 wt% respectively) [81]. The diffused reflectance of CdO and Ni-CdO nanocrystals 

were analyzed by Kubeluka-Munk method. Figure 4.3.8 shows the plot of photon energy 

in eV versus [F(R)hν]2 for CdO and Ni-CdO nanoparticles [82]. The optical band gap 

was found to be 2.13 eV for CdO, 2.09, 1.97, 2.05, 2.00 and 2.03 eV for 2, 4, 6, 8 and 10 

wt% of Ni-CdO respectively. 
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Figure 4.3.8: Tauc plot of (a) CdO, (b) 2 wt% of Ni2+, (c) 4 wt% of Ni2+, (d) 6 wt%  of 

Ni2+, (e) 8 wt% of Ni2+ and (f) 10 wt% of Ni2+ doped CdO nanoparticles. 
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4.3.2.5.  Electrical properties of CdO and Ni-CdO nanoparticles  

I-V characteristic studies of CdO and Ni-CdO nanoparticles under UV-light 

illumination and in dark were carried out and are shown in Figure 4.3.9. It shows that all 

the samples have strong nonlinear I-V characteristics. From these results, it can be 

assumed that the nonlinearity of the system is strongly related to the amount of oxygen 

and the presence of metal oxide precipitate in the grain boundary. The EDAX spectrum 

of synthesized sample gave a proof of very high atomic percentage of oxygen and SEM 

images shows the porous nature [82]. This indicates that the prepared films were metal 

deficient. Further, the adsorbed oxygen may produce potential barrier which hinders the 

electrical transport. So, all the samples prepared in the present work shows the non-ohmic 

and schottky barrier characters. In dark condition, the negatively charged O2 molecules 

present in the surface of CdO nanoparticles interact with the free electrons of CdO. This 

generates the depletion layer close to the surface of CdO, which decreases the current 

intensity of prepared CdO nanoparticles [83]. The electrical conductivity is increased by 

intrinsic defects created due to the doping of Ni2+. At low concentration of Ni2+  doping 

(2-4 wt%) in CdO lattice, the current intensity gradually increases due to the replacement 

of Cd2+ (3d10) ions by Ni2+ (3d8) ions. This replacement of Cd2+ by Ni2+ introduces more 

carrier-electrons in the conduction band due to the valency of Ni2+. Further, oxygen 

vacancies are generated during the combustion processes which are also responsible for 

the enhancement of conductivity. On the other hand, increase in the doping concentration 

of Ni2+ (6-10 wt%) results in a slight decrease of conductivity [84]. The decrease in 

current intensity is due to the strain arises at the interface of the adjacent layers on 

introducing CdO lattice and shows huge lattice discrepancy. Such strain can be removed 

by mismatch dislocations and systematically arrange themselves by generating a regular 

network at the interface to influence the stronger ionic conductivity [85]. 
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Figure 4.3.9: I-V characteristics of pure CdO and Ni-CdO nanoparticles calcinated at 

500 oC. 

4.3.3. Conclusions 

In this chapter, CdO and Ni-CdO nanoparticles were synthesized by fast, simple 

and low-cost microwave combustion method. The effects of Ni2+ doping on the 

structural, optical and electrical properties of CdO nanoparticles were studied. The 

synthesized materials were characterized by XRD analysis and the results showed that the 

optimum incorporation of Ni2+ ions into CdO lattice was in between 4-6 wt%. The               

FE-SEM and TEM studies revealed that the crystallite size and surface morphology of 

Ni-CdO nanoparticles depend on the concentration of Ni2+ ions. The optical band gaps of 

pristine CdO and Ni-CdO nanoparticles were estimated through diffuse reflectance 

spectra which show a significant change with increase in doping concentration of Ni2+. 

The I-V characteristics measurement shows the photosensitive behaviour of CdO and            

Ni-CdO nanoparticles under dark and UV-light condition. Therefore estimated band gap, 

current intensity and resistance of Ni-CdO indicated the possibility of using these 

nanoparticles in solar cells and optoelectronic devices. 
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4.4. Structural, Optical and Electrical Properties of TiO2 and Cr-TiO2 

Nanoparticles  

4.4.1.  Introduction 

Past few years, researchers worked on solar cells were considered the TiO2 has a 

promising photo anodic material. It is because of its wide-energygap, low-cost of 

preparation, excellent thermal stability, good optical and electrical properties [85]. Due to 

these properties, TiO2 nanostructures have attained a large extent of interest owing to 

their wide potential applications in various fields such as solar devices [90], catalysis 

[91], electrochemical analysis [92], field emitters [93], gas sensing [94], photo catalytic 

activity [95], supercapacitor [96], giant magnet resistance materials [97], ceramic 

pigments [98], electrochromic devices [99] etc. Moreover, more importance has been 

given to control the crystallite size and shape of TiO2 nanostructures, which improves the 

optical and electrical properties. Currently, morphology and size distribution of TiO2 

nanoparticles play an important role in deciding their properties. An important method to 

modify the properties of nanoparticles is the introduction of dopant in the parent system. 

Suitable dopants (Cr2+/3+, Gd3+, Ni2+, Yb3+, Co2+) are often mixed with the TiO2 matrix, 

which modify its microstructure and defect chemistry, resulting in a change in its 

electrical and optical properties [100]. Among these metal ions, chromium has been used 

to enhance the optical properties, magnetic properties and luminescent properties of TiO2 

[101]. Chromium Oxide is the one of the important semiconductor, which exists in 

different phases of chromium oxide, such as Cr2O, CrO, Cr3O4, Cr2O3, CrO2, Cr8O11 and 

CrO3.  Among these, Cr2O3 is the most stable phase under normal conditions. Amorphous 

and polycrystalline Cr2O3 has got an increasing interest in a wide variety of applications, 

such as solar absorber for thermal collectors, protective coating layers, various catalytic 
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systems [102]. Hence, it is possible to modify the conducting properties of TiO2 upon 

doping with Cr.  

In the present work, an effort has been made to realize the distribution of                      

Cr3+ ions in the unit cell of TiO2 nanoparticles synthesized through a simple, versatile and 

eco-friendly microwave combustion method. In addition, the consequences of Cr3+ 

incorporation on morphology, optical and electrical properties of these nanoparticles have 

been studied through XRD, FE-SEM, UV-Vis., TEM and photoconductivity techniques. 

The obtained optical and electrical properties were correlated with crystal morphology 

and particle size. 

4.4.2.  Results and discussion 

4.4.2.1. XRD analysis 

 

 

 

 

 

 

 

 

Figure 4.4.1: X-ray diffraction pattern of TiO2 and Cr-TiO2 (0-8 wt%) nanoparticles 

calcinated at 500 oC. 
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The X-ray diffraction study is an important tool to evaluate the crystalline 

structure, lattice parameters, and whether the synthesized nanomaterials posses single or 

multi-phase. Figure 4.4.1(a) illustrates the X-ray diffraction pattern of pure TiO2 and            

Cr-TiO2 nanoparticles calcinated at 500 oC. The existence of sharp peaks in X-ray 

diffraction pattern reveals the good crystalline nature of tetragonal anatase phase of TiO2 

and Cr-TiO2. The X-ray diffraction of synthesized samples were compared with standard 

data (JCPDS Card no. 83-2243) and all the diffraction planes viz., (101), (103), (004), 

(112), (200), (105), (211), (204), (116), (220), (215) and (301) were exactly matches with 

the anatase phase of TiO2 and Cr-TiO2 nanocrystals [103]. The diffraction model shown 

that the reflection peaks of Cr-TiO2 were broadened compared to pristine TiO2 peaks. The 

XRD peak (101) is narrower than (004) peak and, in turn (004) peak is broader than (200) 

peak. This clearly indicated the presence of asymmetry in the crystalline structure                 

and prepared samples were in the nanometre range. In addition, at lower concentrations 

(0-2 wt%) of Cr3+, no peaks corresponding to secondary phases (CrO2, Cr2O3, Cr(OH)2, 

TiCrO3) were indexed in the XRD pattern. This clearly confirms that the dissolution limit 

of Cr3+ ion in TiO2 lattice was below 4 wt% and above 2 wt% [104]. At higher 

concentration of Cr3+ (4-8 wt%), a very small peaks of secondary phases were raised at 

27.55o, 36.20o and 41.40o corresponding to CrO2 along (110), (101) and (200) planes 

(JCPDS card no. 84-1819). This secondary phase formation may be due to the saturated 

Cr3+ ions present in the reaction solution [105]. The shifting of major (110) diffraction 

plane as a function of incorporation of Cr3+ was observed which further confirmed the 

distribution of Cr3+ ions in the unit cell of TiO2. These diffraction planes were initially 

shifted towards higher 2θ values for 2 wt% of Cr3+ and achieves maximum shift at 6 wt% 
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of Cr3+. Afterwards, these planes were shifted slightly towards lower 2θ values upto                

8 wt% of Cr3+. The variation in the diffraction angle specified that the lattice parameter, 

d-spacing and unit volume of Cr-TiO2 were affected by the extent of Cr3+ incorporation. 

Also, with increase in Cr3+ concentration upto 2 wt%, the peak intensity of (110) plane 

has been increased and above 2 wt% of Cr3+ in TiO2 lattice has resulted in the broadening 

of FWHM with a subsequent decrease in the peak intensity. It can be concluded that the 

Cr3+ doping can significantly increases the crystallinity and promote the crystal growth 

along (110) plane [106]. The lattice parameters a, b and c for TiO2 and Cr-TiO2 were 

estimated from XRD graph. It can be seen that there is no appreciable change in lattice 

parameter a, where as a slight change in lattice parameter c is observed [107]. This 

change may be attributed to the replacement of smaller ionic radii Cr3+ (0.64 Å) by larger 

ionic radii Ti4+ (0.68 Å) [108].  Figure 4.4.2(b) shows the decrease in full width at half 

maxima (FWHM) for Cr-TiO2 nanoparticles as compared to pure TiO2 nanoparticles. 

This is due to the crystallite size induced or micro-strain induced reduction, since (101) 

peak positions almost have changed as shown in Figure 4.4.2(a) [109]. Figure 4.4.3 is 

clearly indicated that the micro-strain is directly proportional to the dislocation density 

and inversely proportional to the crystallite size. Dislocations are the irregularity in a 

crystal which arises due to the lattice mismatch from one part of the crystal to another 

part. In this case, the dislocation densities are found to vary along with micro-strain as 

shown in Figure 4.4.3(a) and 4.4.3(b) [110].  The crystallite size (D), dislocation density 

(δ) and micro-strain (ε) of TiO2 and Cr-TiO2 nanoparticles were calculated and are given 

in Table 4. 
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Figure  4.4.2: (a) The shift of peak position of TiO2 and Cr-TiO2 (0.00 ≤ x ≤ 0.10) 

nanoparticles, (b) the change in the FWHM of TiO2 with different Cr concentration. 

 

 

 

 

 

 

 

 

 

Figure 4.4.3:  Inter-relation between crystallite size, micro-strain and dislocation density 

of   TiO2 and Cr-TiO2 (0-8 wt%) nanoparticles calcinated at 500 oC. 
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Table 4. Calculated values of lattice parameters, cell volume, average crystallite size,    

micro-strain and dislocation density 

Property TiO2 Ti0.98Cr0.02O Ti0.96Cr0.04O Ti0.94Cr0.06O Ti0.92Cr0.08O 

a (Å) 3.7912 3.7878 3.7842 3.7834 3.7833 

c (Å) 9.4363 9.5089 9.4480 9.4005 9.6384 

Cell volume (Å)3 135.63 136.43 135.26 134.56 137.95 

Average crystallite 
size (nm) 35.70 26.13 30.45 27.26 27.51 

Micro-strain (ε) in 
x 10-3 1.1183 1.4069 1.3061 1.4134 1.3102 

Dislocation density 
(δ) in x 1014 7.846 14.646 10.785 13.457 13.213 

 

4.4.2.2 FE-SEM and EDAX analysis 

 FE-SEM is one of the important tools for morphological study of samples and it 

gives the significant information about the growth mechanism, crystallite shape and size 

of the particles. Figure 4.4.4(a-e) shows the FE-SEM images of pure TiO2 and Cr-TiO2 

nanoparticles, respectively. Figure 4.4.4(a) it is clearly observed that the pure TiO2 

contains a mixture of self aggregated cube and rods like structures. Figure 4.4.4(b) 

depicts that the shape of 2 wt% Cr-TiO2 found to be same as that of pure TiO2 but with a 

slight increase in the length and width of nanocrystals. This is in good agreement with the 

calculated values of X-ray diffraction data. Above 2 wt% of Cr3+ doping resulted in the 

morphological distortion of Cr-TiO2 crystal lattice, which is the evidence for the 

conversion of fully nanorods like Cr-TiO2 into cube like structures [111]. The elemental 

compositions of synthesized samples were determined by EDAX and are shown in         

Figure 4.4.5(a-e). The EDAX spectrum indicates the presence of O, Ti and Cr in all the 

samples of Cr-TiO2. In addition, no extra peaks corresponding to unexpected elements 

(H, S and C) were observed, thereby confirming the purity of synthesized Cr-TiO2 

samples [112]. 
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Figure 4.4.4: FE-SEM images of (a) Undoped TiO2, (b) 2 wt% of Cr-TiO2, (c) 4 wt% of 

Cr-TiO2, (d) 6 wt% of Cr-TiO2 and (e) 8 wt% of Cr-TiO2 nanoparticles. 

(a) (b) 

(c) (d) 

(e) 
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Figure 4.4.5: EDAX pictures of TiO2 and Cr-TiO2 nanoparticles calcinated at 500 oC.

(a) 
(b) 

(c) (d) 

(e) 
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4.4.2.3. TEM and SAED analysis 

 

 

 

 

 

 

 

 

 

 

Figure 4.4.6: TEM images and SAED pattern of pure TiO2 (a, b) and 6 wt% Cr-TiO2            

(c, d) nanoparticles calcinated at 500 oC. 

A transmission electron microscopic study (TEM) has been carried out to study 

the morphology, crystallinity and average crystallite size of prepared samples. Figure 

4.4.6 shows the TEM images of TiO2 (a) and 6 wt% Cr-TiO2 (c) samples. The average 

size of TiO2 nanoparticles was found to be ~ 35 nm and it is well matched with the 

findings of FE-SEM and XRD values. Although the nanoparticles were slightly 

agglomerated, their grain boundaries were clearly distinguishable. Here, nano-size 

crystallites are closely seen as grouping together and forming a mixture of cube and rods 

like morphologies. But from Figure 4.4.6 (c) it is revealed that the doping of Cr3+ ions 

into TiO2 lattice, changes the nano-rods shape of TiO2 nanoparticles into                  

aggregated nano-cubes [113]. The selected area of electron diffraction (SAED) pattern 

(a) 
(b) 

(c) (d) 
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(Figure 4.4.6(b) & (d)) indicates the crystallite nature of TiO2 and Cr-TiO2 nanoparticles. 

Careful observation of Figure 4.4.6(b) revealed that the planes corresponding to pure 

TiO2 nanoparticles were exactly matched with the XRD model, representing the long 

range ordering among the unit cells. Similarly, the SAED pattern of 6 wt% of Cr-TiO2 

(Figure 4.4.6(d)) shows the diffused type of rings. This is because the short range 

ordering among the unit cells caused by the incorporation of Cr3+ ions which indexed the 

reduced crystallinity in 6 wt% Cr-TiO2 samples. Thus, SAED results are supported the 

experimental evidences of XRD studies [114]. 

4.4.2.4. UV-Visible spectral analysis 
 

 

 

 

 

 

Figure 4.4.7: (a) UV-Visible absorption, (b) reflectance spectra of undoped and Cr-TiO2 

nanoparticles for different Cr3+ concentrations. 

UV-Vis. spectrometry is the most used technique to analyze the optical properties 

of pristine and transition metal doped semiconducting nanomaterials, since the doped 

nanostructures show different optical properties compared to pure nanostructures. 

Usually three forms of spectra are used to analyze the λmax of synthesized samples                

i.e., absorbance, transmittance and reflectance. In the present work, to estimate the optical 

energy gap and related properties, the optical reflectance measurements were carried out 

between 200-800 nm wavelength regions at room temperature [115].  



                    Chapter-4  
   

 102 

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6
0.0

3.0x107

6.0x107

9.0x107

1.2x108

1.5x108

[F
(R

)h
υ]

2

Photon energy (eV)

 8% Cr-TiO2
(e)

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6
0.0

2.0x107

4.0x107

6.0x107

8.0x107

[F
(R

)h
υ]

2

Photon energy (eV)

 pure TiO2
(a)

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6
0.0

5.0x106

1.0x107

1.5x107

2.0x107

2.5x107

3.0x107

3.5x107

4.0x107

[F
(R

)h
υ]

2

Photon Energy (eV)

 2 % Cr-TiO2
(b)

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6
0.0

2.0x107

4.0x107

6.0x107

8.0x107

 Photon Energy (eV)

[F
(R

)h
υ]

2

 4 % Cr-TiO2
(c)

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6
0.0

3.0x107

6.0x107

9.0x107

1.2x108

[F
(R

)h
υ]

2

Photon Enegy (eV)

 6% Cr-TiO2
(c)

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.4.8: Kubeluka-Munk’s plot of undoped and Cr-TiO2 nanoparticles. 
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Figure 4.4.7(a) shows the diffused reflectance spectra of TiO2 and Cr-TiO2 

nanoparticles calcinated at 500 °C. It revealed that all the prepared samples show perfect 

reflection in the visible region. The reflection (%) of all the Cr-TiO2 samples increased 

with increase in the concentration of Cr3+. Figure 4.4.7(b) shows the absorption spectra of 

TiO2 and Cr-TiO2 samples which also show the absorption edge of TiO2 nanoparticles 

shifted towards visible region (red shift) after doping of Cr3+ ions [116]. The diffused 

reflectance of TiO2 and Cr-TiO2 nanocrystals were analyzed by Kubeluka-Munk method.  

Figure 4.4.8 shows the plot of photon energy in eV versus [F(R)hν]2 for TiO2 and                  

Cr-TiO2 nanoparticles [117]. The optical band gap was found to be 3.15 eV for TiO2, 

2.72, 2.71, 2.69 and 2.66 eV for 2, 4, 6, 8 and 10 wt% of Cr-TiO2, respectively.  

4.4.2.5.  Electrical properties of TiO2 and Cr-TiO2 nanoparticles 

 The properties like conductivity or resistivity are comes under the class of 

electrical properties. These properties are noticed at nano-scale level by changing the 

optical properties of nanomaterials. Single crystal semiconductors developed from pure 

metal salts showed poor conductivity because of their poor carrier density. The latter can 

be raised by orders of magnitude by doping with right dopant (transition metal ions, rare 

earth metal ions etc.) [117]. By doping of metal ions into host lattice of nanomaterials, 

certain changes were observed: (i) the band gap values were decreased with increase in 

dopant concentration, and this is due the addition of dopant which can cause an increase 

in density of states in valence band or it can also create the localized states within the 

forbidden gap itself [118]; (ii) creation of anion or cations vacancies in host lattice. It is 

well known that the electrical properties of oxide nanomaterials at room temperature is 

due to intrinsic defects created by anion vacancies and the extrinsic defects created by 
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adding impurity metal cations. These defects also introduce donor states in the forbidden 

band slightly below the conduction band. Hence, these properties improve the 

conductivity of nanomaterials [119]. The I-V characteristic studies of TiO2 and Cr-TiO2 

nanoparticles were carried out using silver paste to make good electrical contact.                

Figure 4.4.9 (a-b) shows the I-V characteristics of TiO2 and Cr-TiO2 nanoparticles under 

the dark and UV-light condition. From Figure 4.4.9(a) it is evident that 8 wt% of Cr-TiO2 

sample shows maximum current intensity while pure TiO2 sample shows minimum 

current intensity in dark as well as under light condition. It is found that the increase of 

current intensity is due to incorporation of Cr3+ ions into the Ti4+ ions site and availability 

of free charge carriers (electrons). Similarly, I-V curves show a decrease of current 

intensity and this may attributed to the effect of grain boundaries on the mobility of 

charge carriers. These boundaries act as dissemination sites and potential walls which 

lead to a reduction in the carrier mobility by increasing the resistivity [120]. 

 

 

 

 

 

 

Figure 4.4.9: Current-Voltage (I-V) characteristics of pure TiO2 and Cr-TiO2 

nanoparticle films. 
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 On UV-light illumination the current intensity of TiO2 and Cr-TiO2 nanoparticles 

has found to be enhanced considerably. This indicated that the UV-light illumination has 

provoked the motion of charge carries faster in the TiO2 and Cr-TiO2 lattice and hence 

increased the current intensity of TiO2 and Cr-TiO2 nanoparticles [121].  

4.4.3. Conclusions 

In the present work, TiO2 and Cr-TiO2 nanoparticles have been prepared via 

microwave combustion method. The samples were characterized by X-ray diffraction 

studies (XRD), field emission scanning electron microscopy (FE-SEM), energy-

dispersive analysis using X-rays (EDAX), UV-Visible spectroscopy (UV-Vis) and 

photoconductivity technique. The XRD results indicated that Cr3+ ions have been 

incorporated in TiO2 lattice and secondary phase of CrO2 has appeared above 4 wt% of 

Cr3+ doping. The FE-SEM images clearly indicated the structural changes which caused 

due to the effect of Cr doping and EDAX images confirmed the presence of Cr ions in 

TiO2 lattice. The band gap of TiO2 nanoparticles has been determined using Tauc plot and 

the result showed that the incorporation of Cr3+ has decreased the bandgap of TiO2. The 

I-V characteristics studies of TiO2 and Cr-TiO2 nanoparticles under dark and                 

UV-light illumination have shown the dependency between the conductance and 

percentage of Cr3+ ions concentration in the TiO2 lattice. Therefore, the predicted optical 

energy gap and conductance of prepared Cr-TiO2 nanoparticles are very useful in the 

field of solar cells and optical devices. 
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4.5. Structural, Optical and Electrical Properties of MgO and Zn-MgO 

Nanoparticles  

4.5.1.  Introduction 

Magnesium oxide (MgO) has a rock salt structure with a wide band gap of 7.8 eV 

[121]. Due to its wide band gap, inexpensiveness and long term stability, MgO is used in 

potential applications of numerous disciplines. It can be extensively utilized in the fields 

of translucent ceramics, refractory plasma display panel, absorbents in many pollutants 

and superconducting products [122]. Due to good photocatalytic properties of MgO, it is 

being used as ultra-thin shells on the surface of some metal oxides such as SiO2 [123], 

ZnO [124] and TiO2 [125] to improve the efficiency of dye-sensitized solar cells. 

Magnesium oxide (MgO) has been used as an insulating layer in the TiO2 based DSSCs 

because of two important reasons: firstly, the MgO layer protects the back electron 

transfer from the TiO2 layer to the electrolyte solution and hence, reduces electron-hole 

recombination [126]; secondly, the MgO layer improves the dye adsorption, leading to an 

improved efficiency [127]. Also, it is an eco-friendly material and is extensively used in 

many medical, industrial and agricultural products [128].  

Currently, research is more dedicated towards synthesizing the undoped and 

transition metal doped semiconducting nanomaterials. For semiconductors, doping is an 

effective method to improve and control the optical and electrical properties. Now-a-days 

researchers are selecting simple and cost effective dopant atoms like Cr, Fe, Cu, Ni, Ag, 

Nd, Eu and Al to develop and modify the unique features of synthesized host 

nanomaterials [129]. Out of all transition metal ions, zinc has been chosen to improve the 

optical, electrical and luminescent properties of MgO. It is because; zinc oxide is one of 

the important n-type semiconductors with a wide-bandgap of 3.17 eV, which shows 

unique optical and electrical properties. Moreover, the Zn2+ doping is expected to alter 
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the electronic band structure of MgO and hence influence the optical band gap of MgO 

nanomaterials. Also, similar charge and small differences in ionic radius of Zn and Mg 

ions (Mg2+ = 0.72 Å and Zn2+ = 0.74 Å) will result in the incorporation of impurities 

besides inherent vacancy defects. Due to these features, Zn2+ ion has been adapted as one 

of the important dopant to modify the optical band gap and conductivity of MgO 

nanoparticles [130].  

In the present work, the spherical shape of MgO and Zn-MgO nanoparticles were 

synthesized by using a microwave combustion method, which is a simple, fast and cost 

effective route compared to other conventional methods. The consequences of Zn doping 

were studied through PXRD, FE-SEM, TEM, UV-Vis. and photo-conductivity (I-V) 

techniques.  

4.5.2.  Results and discussion 

4.5.2.1. XRD analysis 

 

 

 

 

 

 

Figure 4.5.1: (a) X-ray diffractograms of Mg1-xZnxO with different Zn2+ doping 
concentration (x = 0-10 wt %), (b) Shifts in peak position and changes in peak 
broadening are described in the enlarged view of (200) peak for MgO and Zn-MgO 
nanoparticles.  
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Figure 4.5.2:  Inter-relation between crystallite size, micro-strain and dislocation density 

of MgO and Zn-MgO (0-10wt %) nanoparticles calcinated at 500 oC. 

The powder X-rays diffraction (PXRD) studies is a powerful tool to                

investigate the phase purity and structural parameters of synthesized nano-scale 

materials. Figure 4.5.2(a) shows the PXRD pattern of microwave combustion synthesis of 

MgO and Zn-MgO nanoparticles with varying concentration of Zn2+ (2-10 wt%). The 

PXRD pattern illustrates the well defined and sharp Bragg’s reflection peaks of the MgO 

such as (111), (200), (220), (311) and (222). These diffraction peaks clearly indicates that 

the obtained materials were cubic phase structure and they were free from impurity 

phases of metal Mg and Mg (OH)2. This is further confirmed by the standard JCPDS 

Card No. 04-0829 [131]. In addition, for the lower concentration (2 wt%) of Zn2+, no 

additional peaks corresponding to Mg, Zn, Mg(OH)2, Zn(OH)2 and ZnO are observed in 

the XRD graph. This clearly indicates the obtained 2 wt% of Zn-MgO nanocrystals show 

better crystalline phase and high purity [132]. However, further increase in the doping 

concentration of Zn2+ (above 2 wt%) small Bragg’s diffraction peaks of ZnO related 

phase are emerged at 31.97°, 35.20°, 37.20° and 56.65° which can be assigned to the 
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diffraction from (100), (002), (101) and (110) planes respectively, according to JCPDS 

Card No. 75-0576. In addition, the impurity phase of ZnO peaks intensity increases with 

increase in the doping concentration of Zn2+  ions. This obviously reveals that the doping 

limit of Zn2+ ions in MgO lattice is favourable upto 2 wt% [133]. Figure 4.5.1(b) shows 

the peak broadening of MgO and Zn-MgO nanoparticles along (200) diffraction peak and 

it was found that the broadening was based on the Miller indices of the crystal plane.          

In the prepared samples, the reflection peak (002) is narrower than (111) peak whereas 

(220) peak is broader than (002) peak. This clearly indicates the presence of asymmetry 

in the crystallite shape and size [134]. Further, Zn2+ doping was confirmed by supervising 

the peak position of Zn-MgO diffractions along (200) plane, which are ascribed to the 

replacement of Mg2+ by Zn2+. Notably, the strong peak (200) initially moves forward 

(right, ∆2θ ~ 0.07°) when doping concentration was about 2 wt% of Zn2+. This may be 

due to the successful incorporation of Zn2+ ions into MgO lattice.  The peak further move 

towards  lower angle side by ~ 0.02-0.03o in 4 and 8 wt% of Zn-MgO and with a doping 

of 6 and 10 wt %, the angle of (200) peak slightly shifted towards higher angle side. The 

alternative shift suggests that there was a lattice contraction and expansion in the MgO 

lattice by Zn2+ (higher concentration) doping, which was due to generation of secondary 

phase in the MgO lattice. This phenomenon is due to the substitution of Zn2+ in the MgO 

lattice [135]. Meanwhile, it is apparent that the peak intensity corresponds to (200) peak 

has been increased with a decrease of FWHM (at concentration 2, 6 and 10 wt%). But, at 

the concentration of 4 wt% and 8 wt% of Zn2+ there is a slight decrease in the intensity of 

(200) peak compared to other Zn-MgO samples. This is due to the segregation of 

impurity phase on the surface of MgO, which leads to the generation of micro-strain in 
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the host lattice and compress the unit cell volume of Zn-MgO [136]. This shows obvious 

changes in the values of lattice parameter ‘a’ in the cubic phase of MgO. By using the 

Bragg’s law of cubic system (a = b = c, α = β = γ = 90o), the lattice parameter ‘a’ is 

calculated and mentioned in the Table 5. 

Figure 4.5.2(a,b) illustrates the relation between crystallite sizes, micro-strain and 

dislocation density of MgO and Zn-MgO nanoparticles. Generally, the micro-strain is 

directly proportional to the dislocation density and inversely proportional to the 

crystallite size. Dislocations are the irregularity in a crystal which arises due to the lattice 

mismatch from one part of the crystal to another part. In this case, the dislocation 

densities are found to vary along with micro-strain as shown in Figure 4.5.2(a) and 

4.5.2(b) [137].  The crystallite size (D), dislocation density (δ) and micro-strain (ε) of 

MgO and Zn-MgO nanoparticles were calculated and are given in Table 5. 

Table 5.  Calculated values of lattice parameters, cell volume, average crystallite size, 

micro-strain and dislocation density 

Property MgO Mg0.98Zn0.02O Mg0.96Zn0.04O Mg0.94Zn0.06O Mg0.92Zn0.08O Mg0.90Zn0.10O 

a (Å) 4.2236 4.2190 4.2220 4.2164 4.2278 4.2182 

Cell volume (Å)3 75.3439 75.0980 75.2583 74.9593 75.5689 75.0553 

Average crystallite 
size (nm) 

56.83 60.76 53.93 76.95 68.96 58.01 

Micro-strain (ε) in 
x 10-3 

0.6312 0.5824 0.7015 0.6395 0.5662 0.7846 

Dislocation 
density (δ) in               
x 1014 

3.0963 2.7087 3.4383 1.6889 2.1028 2.9716 
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4.5.2.2. FE-SEM and elemental analysis  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5.3: FE-SEM images of (a) Undoped MgO, (b) 2 wt% Zn-MgO, (c) 4 wt%           

Zn-MgO, (d) 6 wt%  Zn-MgO, (e) 8 wt% Zn-MgO, (f) 10 wt% Zn-MgO nanoparticles. 

(a) (b) 

(c) (d) 

(e) (f) 
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 FE-SEM is the technique used for visualizing the morphological picture                

of undoped and transition metal doped nano scale materials. It provides the                 

significant knowledge of growth mechanism and crystal shape of the synthesized 

materials. Figure 4.5.3(a-f) shows the FE-SEM images of MgO and Zn-MgO 

nanoparticles with different weight percentage of Zn2+ doping. From the 

photomicrograph it was noted that all the particles present in the sample were nearly 

spherical in shape and exhibit nearly homogeneous grain distribution. The rate of grain 

segregation is a major factor that controls the grain size and shape of the final product 

[138]. The variation of grain size is observed in Zn-MgO at different weight percent of 

Zn2+ and the obtained grains were in nanometer range [139]. The EDAX is the promising 

method to estimate the elemental composition of synthesized nanoparticles. It gives the 

important information regarding to the weight and atomic percentage of elements present 

in the samples. Figure 4.5.4(a-f) shows the EDAX images of MgO and Zn-MgO 

nanoparticles. From Figure 4.5.4(a), it is clear that the synthesized MgO nanoparticle 

comprises only Mg and O elements which indicated that the obtained MgO was pure and 

single phase. Moreover, Figure 4.5.4(b-f) shows the EDAX spectra of Zn-MgO 

nanoparticles, which clearly shows that the peak height was improved with different 

concentration of Zn ions. This confirmed the existence of Zn in Zn-MgO nanocrystals 

[140].  
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(a) (b) 

(c) (d) 

(e) (f) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5.4: EDAX micrographs of  undoped, 2, 4, 6, 8 and 10 wt% of Zn-MgO 

nanoparticles. 
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4.5.2.3. UV-Visible spectral analysis  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.5.5:  (a) Optical absorption spectra, (b) Tauc plot, (c) transmittance spectra of 

undoped MgO and Zn-MgO nanoparticles. 

Figure 4.5.5(a) shows the analysis of UV-Visible absorption spectra of 

synthesized MgO and Zn-MgO nanoparticles. The absorbance of synthesized samples 

was measured in the wavelength range of 200-800 nm at room temperature [141]. As it  

is observed from the Figure 4.5.5(a), the absorbance of MgO was lower compared to all 

Zn-MgO (4-10 wt%) samples except 2 wt% of Zn-MgO. In addition, all the samples 
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show sharp absorption in the UV-region and very weak absorption in the visible region. 

This is due to the creation of more defects in the MgO lattice upon Zn2+ doping [142]. 

Optical transmittance spectrum of MgO and Zn-MgO nanoparticles in 200-800 nm 

domain is shown in Figure 4.5.5(c). This obviously shows the inverse trends on 

absorption spectra of MgO and Zn-MgO nanoparticles. The maximal transmittance was 

observed in the 2 wt% of Zn-MgO and other samples Zn-MgO (4-10 wt %) showed poor 

transmittance compared to pure MgO. This is due to absorbance and transmittance of 

doped samples are generally depends on the numerous factors like oxygen vacancy, grain 

boundary, thickness and impurity centres.  The optical bandgap of MgO and Zn-MgO 

nanoparticles was calculated from Tauc plot method and it is shown in Figure 4.5.5(b). 

The energy gap is found to be 4.09 eV for MgO, 2.82, 3.71, 3.12, 3.58 and 3.72 eV for            

2, 4, 6, 8 and 10 wt% of Zn-MgO nanoparticles, respectively. These results clearly 

confirms that the optical band gap of the MgO nanoparticles can tune by Zn2+ doping and 

are promising candidates for DSSCs [143]. 

4.5.2.4.  TEM and SAED analysis  

Transmission electron microscopy (TEM) and selected area electron diffraction 

(SAED) techniques are one of the prominent methods to analyze the morphology of 

synthesized undoped and doped nanoparticles. Figure 4.5.6(a) and (c) show the TEM 

micrographs of pure MgO and 6 wt% Zn-MgO nanoparticles. These images reveal that 

the size of the synthesized samples fall in the nanometre regime and the shape of the 

particle are spherical in shape. In addition, the particle size distribution of MgO and             

Zn-MgO nanoparticles is non-uniform and in-homogeneous [144]. Figure 4.5.7(b) shows 

the SAED pattern of MgO nanoparticles which confirmed that the obtained sample has 
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(a) (b) 

(c) (d) 

cubic phase structure with single crystalline nature. In Figure 4.5.7(d), the diffraction ring 

spots illustrate the polycrystalline nature of Zn-MgO, which clearly indicates the 

segregation of nanoparticles and formation of ZnO phase at 6 wt% of Zn-MgO. All the 

photomicrograph of TEM and SAED confirmed that Zn2+ is substantially incorporated in 

the MgO lattice and the particles have several single grains of varying sizes [145]. 

 

 

 

 

 

 

 

 

 

 
Figure 4.5.6: TEM and SAED images of undoped MgO (a, b) and 4 wt% Zn-MgO (c, d) 

nanoparticles calcinated at 500 oC. 

4.5.2.5. Electrical properties MgO and Zn-MgO nanoparticles 

The I-V characteristics studies of MgO and Zn-MgO nanoparticles synthesized by 

microwave combustion method have been carried out using Keithley source meter.             

Figure 4.5.7(a-b) show the I-V characteristics of MgO and Zn-MgO nanoparticles under 



                    Chapter-4  
   

 117 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
0.0

0.1

0.2

0.3

C
ur

re
nt

 In
te

ns
ity

 (A
)

 MgO
 2 wt% Zn-MgO
 4 wt% Zn-MgO
 6 wt% Zn-MgO
 8 wt% Zn-MgO
 10 wt% Zn-MgO

Voltage (V)

(a) Dark Condition

0 1 2 3 4
0.0

0.1

0.2

0.3

Cu
rr

en
t I

nt
en

si
ty

 (A
)

 MgO
 2 Wt% Zn-MgO
 4 Wt% Zn-MgO
 6 Wt% Zn-MgO
 8 Wt% Zn-MgO
 10 Wt% Zn-MgO

Voltage (V)

(b) Light Condition

the dark and UV-light condition. These figures revealed the non-linear and rectifying 

nature of the synthesized samples [146]. This confirmed the formation of schottky 

contact in between the Ag/MgO and Ag/Zn-MgO junction [147]. In I-V curves, the MgO 

nanoparticles show the low current intensity and high resistance as compared to Zn-MgO 

(2-6 wt%) nanoparticles in the dark condition. This is because the adsorbed oxygen under 

dark condition may generate high potential barrier near the surface of MgO, which 

hinders the electrical transport [148]. The 2 wt% of Zn-MgO nanoparticles shows the 

high current intensity as compared to MgO nanoparticles, which is due to the increase in 

the concentration of charge carrier in MgO upon Zn2+ doping.  

 

 

 

 

 

 

 
 

 
Figure 4.5.7:  I-V characteristics of undoped MgO and Zn-MgO nanoparticles in dark 

and light conditions. 

However, with increase in the concentration of Zn2+ (> 2 wt%) in MgO lattice, the 

current intensity was found to be reduced and is attributed to the segregation of Zn2+ ions 

to form grain boundaries or interstices [149]. The MgO and Zn-MgO nanoparticles have 

considerable enhancement in the current intensity under UV-Vis. light condition. This 
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indicates that the absorption of UV-Vis. light generates electron-hole pairs and these 

holes combine with the electrons of adsorbed O2- ions to form O2 molecules on the 

surface of MgO and Zn-MgO samples. This leads to a reduction of the depletion barrier 

thickness and height of the barrier. In the mean time, the unpaired photo-generated 

electrons are jumped from valence band to conduction band, which enhance the current 

intensity of MgO and Zn-MgO nanoparticles [150].  

4.5.3. Conclusions 

The present study demonstrates the successful synthesis of MgO and Zn-MgO 

nanoparticles via microwave combustion method. The influence of Zn2+ doping on 

structural, optical and electrical properties of MgO nanoparticles was studied. The 

synthesized samples were characterized by XRD analysis and the results showed that the 

incorporation of Zn2+ did not change the cubic phase of MgO. Nano-sized crystallites 

with dominant spherical morphology were observed by SEM and TEM analysis. The 

optical bandgaps of synthesized MgO and Zn-MgO nanoparticles were estimated through 

optical absorption spectra, which shows a red shift upon substitution of Zn2+dopant. The 

current-voltage (I-V) measurement under dark and light conditions showed the 

photosensitive behaviour of MgO and Zn-MgO nanoparticles. Therefore, the increased 

current intensity of Zn-MgO nanoparticles clearly indicated the possibility of using these 

nanoparticles in the applications of dye sensitized solar cells (DSSCs). 
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4.6. Structural, Optical and Electrical Properties of ZnO Nanoparticles 

Synthesized Under Different Microwave Power 

4.6.1.  Introduction 

 Semiconducting metal oxide nanomaterials are recently gained more interest due 

to their unique properties, novel synthesis route and well shape of materials. Metal oxide 

semiconductors, such as indium oxide (In2O3), zinc oxide (ZnO), copper Oxide (CuO),         

tin oxide (SnO2), zirconium oxide (Zr2O3)  and titanium oxide (TiO2) etc. have been 

considered  for various scientific applications [151]. Among these materials, ZnO is an 

important n-type transition metal oxide with a wide band gap of 3.37 eV and large 

exciton binding energy of 60 meV at room temperature. It has paying attention in dye 

sensitized solar cells [152], electrochemical analysis of drugs [153], batteries [154], super 

capacitors [155], catalysts in organic reactions [156], sunscreen and cosmetics [157], 

schottky diodes [158] and hydrogen generation from water splitting [159]. During the 

past few decades, the researchers have been focused on the fabrication of different 

structured ZnO nanoparticles such as nano-rods, nano-flowers, nano-flakes, nano-prisms, 

nano-disks, nano-wires and nano-plates. This is due to the acceptable crystal shape and 

crystallite size of ZnO nanoparticles, which is the major consideration to control the 

various structural dependent properties like optical, electrical and magnetic properties 

[160]. Furthermore, the various morphologies of ZnO nanostructures are expected to use 

in the build up a well performed optoelectronic devices with special structural design and 

unique optoelectronic properties. However, achievement of controlling the crystallite size 

and fabrication of new morphologies of ZnO are more difficult in recent years [161]. 
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As of now, various morphologies of ZnO nanostructures were synthesized by 

different methods like hydrothermal, solvothermal, co-precipitation, thermal evaporation, 

sonochemical and sol-gel methods [162]. Generally, the above methods require more 

advanced equipments, relatively more time consumption and also additional solvents for 

the preparation of ZnO nanoparticles [163]. Out of the various methods, microwave 

combustion method has recently accepted method because: i) microwave has strong 

penetrating power into the materials and so the rate of reaction can be increased;                      

ii) microwave radiation can be absorbed only by polarized material; and iii) microwave is 

a non-thermal reaction. These conditions favour the acceleration in reaction rate, 

improvement of product yield, increased purity of the material, good control of 

stoicheometry and well-defined size distribution [164]. Because of these advantages, 

microwave assisted method can be used for the synthesis of nanoparticles such as CuO 

nanowires, ZnO, Cu2O, SnO2 nano prisms, rods, spheres and stars like Fe2O3 with novel 

structural properties [165]. 

In this chapter microwave combustion method has been adapted to synthesis the 

hexagonal prism shaped ZnO nanoparticles. The main goal of this work is to discuss the 

effect of microwave power on crystal structural, optical and electrical properties with the 

help of X-ray diffraction studies (XRD), Field emission scanning electron microscopy 

(FE-SEM), UV-Visible spectroscopy (UV-Vis.) and I-V characterization technique.  

4.6.2.  Results and discussion 

4.6.2.1. XRD analysis 

X-ray diffraction (XRD) pattern is the promising method for the identification of 

micro-structural properties, phase purity and crystal imperfection of the synthesized 
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metal oxide nanoparticles. Figure 4.6.1 shows the powder XRD patterns of ZnO 

nanoparticles synthesized under different microwave powers (160, 320, 480, 640 and           

800 W). The ten major diffraction peaks were observed in the XRD pattern of ZnO 

nanoprisms at different Bragg’s diffraction angles, corresponding  to (100), (002), (101), 

(102), (110), (103), (200), (112), (201), (004) and (202) directions of ZnO nanoparticles. 

All the peaks of XRD graph indexed the wurtzite structure and hexagonal phase of ZnO 

nanoparticles, which is in good agreement with the JCPDS (Joint Committee on Powder 

X-ray Diffraction Studies) card no. 79-0208 with lattice constants; a = b = 3.264 Å,                   

c = 5.129 Å . In addition, there were no peaks observed corresponding to the impurities 

like Zn metal and Zn(OH)2 and so it confirms the high purity of ZnO nanocrystals [166]. 

Figure 4.6.2(a) shows broadening of peaks at (100), (002) and (101) planes of ZnO with 

increase in the microwave power. The shifting of major (100), (002) and (101) diffraction 

planes towards lower 2θ values was observed as a function of microwave power. The 

broadening and shifting of diffraction planes specifies that the lattice parameter,                      

d-spacing, crystallite size and unit volume of ZnO were affected by the microwave 

energy [167]. The intensity of XRD peaks were enhanced upto a microwave power of 

480 W and this is due to the decrease of FWHM. Above 480 W of microwave power an 

increase in the FWHM has resulted. This result has shown that the crystalline property of 

ZnO nanoparticles is dependent on microwave power [168]. In this study, the lattice 

constants (‘a’ and ‘c’) for pure ZnO nanoparticles were calculated using the formula 

based on Bragg’s law. Figure 4.6.2(b) shows that the lattice parameters ‘a’ and ‘c’ of 

synthesized ZnO nanoparticles under different microwave power. It demonstrates that 

there is no considerable variation in the calculated lattice parameters with increase in 

microwave power (Table 6). Also, the c/a ratio of unit cell parameters reveals the 
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hexagonal structure of ZnO which was not affected by different microwave power [169].  

The crystallite size, micro-strain and dislocation density are three important parameters  

to analyze the properties of synthesized nanoparticles, which were determined from the 

XRD data. Figure 4.6.3 shows the relation between the above parameters of the 

synthesized ZnO nanoparticles under different microwave power. This reveals that, the 

parameters like micro-strain and dislocation density are inversely propositional to 

crystallite size i.e., the micro-strain and dislocation density of synthesized ZnO 

nanoparticles decreases with increase the crystallite size or vice-versa [170]. The 

estimated values of micro-strain, dislocation density and crystallite size of all the samples 

are listed in the Table 7. 

 

 

 

 

 

 

 

 

Figure 4.6.1: Powder X-ray pattern of ZnO nanoparticles synthesized at 160, 320, 480, 

640 and 800 W microwave power. 
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Figure 4.6.2: (a) The shift of peaks positions, (b) the changes in the cell constants ‘a’ and 

‘c’ of ZnO nanoparticles synthesized under different microwave power.  

 

 

 

 

 

 

 

Figure 4.6.3: Crystallite size, micro-strain and dislocation density of ZnO nanoparticles 

synthesized at different microwave powers. 
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Table 6. Lattice parameters (‘a’ and ‘c’), unit cell volume, bond length and c/a ratio of 

synthesized ZnO nanoparticles under different microwave power 

Samples  a (Å) c (Å) Volume (Å)3 Bond length (Å) c/a ratio 

ZnO (160 W) 3.2641 5.2266 48.2241 1.9861 1.6012 

ZnO (320 W) 3.2627 5.2239 48.1578 1.9853 1.6011 

ZnO (480 W) 3.2683 5.2323 48.4010 1.9892 1.6009 

ZnO (640 W) 3.2761 5.2413 48.7159 1.9930 1.5998 

ZnO (800 W) 3.2746 5.2408 48.6667 1.9928 1.6004 

 

 

 Table 7. Crystallite size, micro-strain and dislocation density of synthesized ZnO 

nanoparticles under different microwave power 

Samples  Crystallite size (nm) Micro-Strain (10-3) Dislocation density (1014) 

ZnO (160 W) 30.68 1.1636 10.624 

ZnO (320 W) 29.89 1.1633 11.193 

ZnO (480 W) 27.33 1.2896 13.388 

ZnO (640 W) 32.24 1.1176 09.620 

ZnO (800 W) 33.00 1.0725 09.183 

 

 



                    Chapter-4  
   

 125 

(a) (b) 

(c) (d) 

(e) 

4.6.2.2. FE-SEM and EDAX analysis 

  

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.6.4: FE-SEM images of ZnO nanoparticles synthesized with different 

microwave power: (a) ZnO-160 W; (b) ZnO-320 W; (c) ZnO-480 W; (d) ZnO-640 W and 

(e) ZnO-800 W. 
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Elements Weight% Atom% 
O-K 29.36 61.06 
Zn-K 70.64 38.94 
Totals 100.00 100.00 

 

Elements Weight% Atom% 
O-K 27.05 58.70 
Zn-K 72.95 41.30 
Totals 100.00 100.00 

 

Elements Weight% Atom% 
O-K 15.52 21.65 
Zn-K 84.48 78.35 
Totals 100.00 100.00 

 

(a) (b) 

(c) (d) 

(e) 

Elements Weight% Atom% 
O-K 33.92 67.32 
Zn-K 66.48 32.68 
Totals 100.00 100.00 

 

Elements Weight% Atom% 
O-K 34.95 55.34 
Zn-K 65.50 44.66 
Totals 100.00 100.00 

 

(c) (d) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6.5:  EDAX of ZnO nanoparticles produced with different microwave power: 

(a) ZnO-160 W; (b) ZnO-320 W; (c) ZnO-480 W; (d) ZnO-640 W;  (e) ZnO-800 W. 
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The FE-SEM is one of the most commonly used experimental techniques for 

morphological identification of synthesized metal oxide nanoparticles. Figure 4.6.4(a-e) 

represents the FE-SEM photomicrographs of ZnO nanoparticles synthesized under 

different microwave power. It is evident from the FE-SEM images that the ZnO 

nanoparticles prepared under different microwave power show almost hexagon prism like 

structure with sharp tip having good crystalline quality [171-172]. The FE-SEM images 

of ZnO nanoparticles obtained at different microwave power show the agglomeration of 

the grains. The grain segregation is a most significant factor that controls the crystallite 

size and shape of the synthesized materials [173]. Figure 4.6.5(a-e) shows the EDAX 

spectrum of ZnO nanoprisms. The EDAX spectrum of all the synthesized ZnO 

nanoparticles shows an evidence for the existence of Zn and O. This indicated that all the 

prepared ZnO nanoparticles have got well crystalline and high purity nature [174]. 

4.6.2.3. UV-Visible spectral analysis 

 

  

 

 

 

 

Figure 4.6.6: (a) UV-Vis absorbance, (b) reflectance spectra of ZnO nanoparticles 

obtained at different microwave power. 
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Figure 4.6.7: Plot of [F(R)hν]2 versus energy gap for ZnO nanoparticles synthesized 

using microwave power : (a) 160 W; (b) 320 W; (c) 480 W; (d) 640 W; (e) 800 W. 
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 The optical energy gaps of synthesized ZnO nanoparticles at different microwave 

power have been estimated by optical absorbance and reflectance measurements carried 

out between 200-800 nm wavelength regions at room temperature [175]. Figure 4.6.6(a) 

illustrates the absorbance spectra of synthesized ZnO nanoparticles at different 

microwave power. The optical absorption edge of ZnO nanostructures synthesized at 

160-480 W microwave power shows red shift, whereas the ZnO synthesized at high 

microwave power (640-800 W) shows slight blue shift. Figure 4.6.6(b) shows the 

diffused reflectance spectra of ZnO nanoparticles synthesized at different microwave 

power. It reveals that all the prepared samples show perfect reflection in the visible 

region. The reflection (%) of all the ZnO samples increased with increase in the 

microwave power upto 480 W. The band gap of ZnO nanoparticles prepared under 

different microwave power was determined by Kubelka-Munk method. Figure 4.6.7 

shows the plot of photon energy in eV versus [F(R)hν]2 for ZnO nanoparticles. The 

optical band gap was found to be 3.19, 3.20, 3.21, 3.19, 3.18 eV for 160, 320, 480, 640 

and 800 W respectively [176]. 

4.6.2.4.  Electrical properties of ZnO nanoparticles   

 The current-voltage (I-V) characteristic studies of ZnO films have been carried 

out using silver paste to make good electrical contact. Figure 4.6.8(a-b) illustrates the I-V 

response of ZnO nanostructures synthesized via microwave combustion method at 160, 

320, 480, 640 and 800 W of microwave power. From I-V curves, it can be shown that all 

the synthesized ZnO nanoparticles have non-linear characteristics in dark as well as in 

light conditions. From these results, it can be assumed that the nonlinear property of the 

synthesized ZnO samples is related to amount of oxygen and the precipitate of metal 



                    Chapter-4  
   

 130 

0 1 2 3 4
0.00

0.05

0.10

0.15

0.20

0.25

0.30

Cu
rr

en
t I

nt
en

si
ty

 (A
)

Voltage (V)

 160 W ZnO
 320 W ZnO
 480 W ZnO
 640 W ZnO
 800 W ZnO

(a) (Dark Condition)

0 1 2 3 4
0.0

0.1

0.2

0.3

0.4

0.5

Cu
rr

en
t I

nt
en

si
ty

 (A
)

Voltage (V)

 160W ZnO
 320W ZnO
 480W ZnO
 640W ZnO
 800W ZnO

(b)(Light Condition)

oxide in the grain boundaries. The EDAX spectrum gives a proof for the presence of very 

high atomic percentage of oxygen in the synthesized ZnO nanoparticles. This represents 

the prepared ZnO nanoparticles are metal deficient [177].  

 

 

 

 

 

 

 

Figure 4.6.8: I-V characteristics of ZnO nanoparticles synthesized under different 

microwave power in dark and light conditions. 

The current intensity of ZnO nanoparticles prepared at the microwave power of 

800 W have shown good current intensity and low resistance compared to ZnO 

nanoparticles prepared at other microwave power of 160, 320, 480 and 640 W (Figure 

4.6.8(a)). Smaller the band gap, faster will be transition of electron from valence band to 

conduction band and hence higher will be the current intensity [178]. Figure 4.6.8(b) 

shows the current-voltage characteristic of ZnO nanoparticles in UV-light condition. It 

shows that, all the samples of ZnO have considerable enhancement in the current 

intensity (Curves moves to lower potential side) under UV-light illumination. This 

indicated that the motion of charge carriers increases under the light condition and 

considerably improves the current intensity of ZnO nanoparticles [179].  
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4.6.3.  Conclusions 

In this chapter, pure hexagonal phase and wurtzite structure of ZnO nanoparticles 

were successfully synthesized by an inexpensive microwave combustion route at 160, 

320, 480, 640 and 800 W. The XRD shows that microwave power affect the crystallite 

size of synthesized ZnO nanoparticles. The FE-SEM analysis showed the hexagon prism 

structure of ZnO nanoparticles. The optical bandgap of synthesized ZnO nanostructures 

were estimated through diffused reflectance spectra which shows a red shift upon 

increasing the microwave power. The current-voltage characteristic of ZnO nanoparticles 

obtained from different microwave power showed the photosensitive behaviour under 

dark as well as UV-light conditions. 
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4.7.  Structural, Optical and Electrical Properties of Synthesized ZnO 

Nanoparticles by Microwave Combustion Method Using Different 

Solvents 

4.7.1.  Introduction 

Zinc oxide (ZnO) is an important n-type semiconductor nanoparticle, which 

shows unique optical and electronic properties due to its wide bandgap of 3.37 eV and the 

large exciton binding energy (60 eV) at room temperature [180]. Moreover ZnO is a 

commercially available material with the advantage of non-toxicity, low-cost, high 

chemical stability and environmental friendly. Because of these properties, ZnO 

nanoparticles possess many interesting applications in transparent conductive coatings, 

electrode materials for dye-sensitized solar cells, gas sensors and electro-photo 

luminescent materials [181].  Recently, ZnO can be prepared in different morphologies 

including nano-flowers, nano-rods, nano-plates, nano-wires, nano-prisms, nano-disks and 

so forth [182]. The chemical and physical properties of ZnO nanoparticles depend on 

structural properties like crystallite size, shape and surface structures.  Furthermore, the 

ZnO with different morphologies can be prepared by following certain reaction 

conditions. Also the reaction temperature, pH of the reaction mixture, time, reactants 

stoichiometry and the use of specific zinc ion salt will significantly alters the 

morphologies of synthesized ZnO nanoparticles [183-184].   

The solvent phase synthesis of nanoparticles is more familiar compared to the 

solid phase and other types of syntheses. The organic solvents are more frequently being 

used in the synthesis of metal oxide nanoparticles [185]. The point in choosing the 

organic solvents for the preparation of metal oxides nanoparticles is because of their good 
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stabilizing ability that facilitates better crystal growth without abnormal segregation of 

particles. Furthermore, the synthesis steps are easy to perform and require neither              

multi-steps nor an advanced experimental condition or equipment [186]. The organic 

solvents like high boiling polyols such as ethylene glycol (EG), di-ethylene glycol 

(DEG), tetra ethylene glycol (TEG) and glycerol have been used.  

In this chapter, a simple microwave method has been used to synthesize the 

hexagonal prism shaped ZnO nanoparticles. The main goal of this work was to discuss 

the effect of solvents on structural, optical and electrical properties of synthesized ZnO 

nanoparticles.  

4.7.2.  Results and discussion 

4.7.2.1. XRD analysis 

 

 

 

 

 

 

 

 

Figure 4.7.1: X-ray diffraction pattern of ZnO nanoparticles synthesized using different 

solvents. 
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Figure 4.7.2: Shifting and broadening of (100), (002) and (101) peaks for ZnO 

nanoparticles synthesized using different solvents. 

Figure 4.7.1 illustrates a typical X-ray diffraction pattern of synthesized ZnO 

nanoparticles prepared by microwave combustion method using different solvents. The 

major XRD peaks were observed at 2θ value of 31.49°, 34.17°, 35.99°, 47.29°, 56.37°, 

62.66°,  67.74°, 68.88°, 72.36° and 76.77° which can be assigned to (100), (002), (101), 

(102), (110), (103), (200), (112), (201), (004) and (202) planes respectively, according to 

JCPDS Card No. 79-0208 (Lattice parameters: a = b = 3.264 Å, c = 5.219 Å). This 

clearly shown that all the diffraction peaks in the XRD pattern belongs to hexagonal 

phase of ZnO with a wurtzite type of structure (space group: P63mc) [187]. No additional 

peaks corresponding to Zn metal, Zn(OH)2 and ZnO2 were observed, which confirmed 

that the ZnO nanoparticles obtained with and without solvents have got same type of 

morphology [188]. Figure 4.7.2 shows the enlarged view of major (100), (002) and (101) 

diffraction planes for ZnO nanoparticles synthesized using different solvents. It reveals 
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the diffraction peaks of ZnO nanoparticles synthesized at different solvents are slightly 

broadened as compared to the peaks synthesized without solvent. Further, the shifting of 

major (100), (002) and (101) diffraction planes towards higher 2θ values was observed as 

a function of solvents used. The broadening and shifting of diffraction planes specifies 

that the lattice parameter, d-spacing, crystallite size and unit volume of ZnO were slightly 

affected by the solvents [189]. In this study, the lattice constants (‘a’ and ‘c’) for pure 

ZnO nanoparticles were calculated using the formula based on Bragg’s law.  

 

 

 

 

 

Figure 4.7.3: Variation of crystallite size, micro-strain and dislocation density of ZnO 

nanoparticles synthesized using different solvents. 

Table 8 shows the calculated values of lattice parameters of ZnO nanoparticles 

synthesized using different solvents. The calculated values of lattice parameters shows a 

slight deviation compared to standard values which may attributed to the existence of 

various defects in the ZnO lattice such as surface defects and Zn interstitials [190].  

Figure 4.7.3 illustrates the relationship between micro-strain, dislocation density and 

average crystallite size of ZnO nanoparticles synthesized using different solvents. Figures 

revealed that, the parameters like micro-strain and dislocation density are inversely 
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proportional to crystallite size i.e., the micro-strain and dislocation density of synthesized 

ZnO nanoparticles decreases with increase the crystallite size or vice-versa [191]. 

Calculated values of crystallite size, dislocation density and micro-strain of ZnO 

nanoparticles are listed in Table 9. 

Table 8. Lattice parameters (‘a’ and ‘c’), unit cell volume, bond length and c/a ratio of 

synthesized ZnO nanoparticles under different microwave power 

Samples a (Å) c (Å) Volume 
(Å)3 

Bond length 
(Å) c/a ratio 

ZnO(WS) 3.2764 5.2424 48.7351 1.9931 1.6000 

ZnO(WT) 3.2731 5.2394 48.6091 1.9914 1.6007 

ZnO(EG) 3.2627 5.2239 48.1578 1.9853 1.6011 

ZnO(DEG) 3.2677 5.2304 48.3656 1.9881 1.6006 

ZnO(2-PL) 3.2683 5.2323 48.4010 1.9892 1.6009 

 
Table 9. Crystallite size, micro-strain and dislocation density of synthesized ZnO 

nanoparticles using different solvents 

Samples  Crystallite size 
(nm) 

Micro-Strain 
(10-3) 

Dislocation density 
(1014) 

ZnO(WS) 33.61 0.9278 8.8524 

ZnO(WT) 29.26 1.1996 11.6802 

ZnO(EG) 29.07 1.1991 11.8334 

ZnO(DEG) 28.11 1.2456 12.6555 

ZnO(2-PL) 27.33 1.2895 13.3880 
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4.7.2.2. FE-SEM and EDAX analysis 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7.4. FE-SEM images of ZnO nanoparticles synthesized using different solvents:        

(a) without solvent; (b) water; (c) ethylene glycol; (d) digol and (e) 2-propanol. 

(a) (b) 

(c) (d) 

(e) 
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Elements Weight% Atom% 
O-K 25.65 58.50 
Zn-K 74.35 41.45 
Totals 100.00 100.00 

 

Elements Weight% Atom% 
O-K 29.29 62.87 
Zn-K 70.71 37.13 
Totals 100.00 100.00 

 

Elements Weight% Atom% 
O-K 17.18 45.87 
Zn-K 82.82 54.13 
Totals 100.00 100.00 

 

Elements Weight% Atom% 
O-K 35.96 69.64 
Zn-K 64.04 30.36 
Totals 100.00 100.00 

 

Elements Weight% Atom% 
O-K 33.52 67.32 
Zn-K 66.48 32.68 
Totals 100.00 100.00 

 

 

 

 

 

 

 

 

 

  

 

 

 

  

 

  

 

 

Figure 4.7.5. EDAX images of ZnO nanoparticles synthesized using different solvents: 

(a) without solvent; (b) water; (c) ethylene glycol; (d) digol; (e) 2-propanol. 

(a) (b) 

(c) (d) 

(e) 
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 The field emission scanning electron microscopes (FE-SEM) is one of the 

prominent tools for the identification of crystalline shape and sizes of the synthesized 

metal oxide nanostructures [192]. Figure 4.7.4(a-e) show the FE-SEM photomicrographs 

of ZnO nanoparticles synthesized using with and without solvents. It can be observed that 

the ZnO nanoparticles prepared using different solvents (except in water) and without 

solvent show almost hexagon prism like structure with sharp tip having good crystalline 

quality. Figure 4.7.4(b) shows the FE-SEM images of ZnO nanoparticles synthesized 

using water as a solvent, which shows the hexagonal plate like structure. The FE-SEM 

images of ZnO nanoparticles obtained at with and without solvents display the 

agglomeration of the grains. The grain agglomeration is a most important factor                       

that controls the crystalline shape and size of the synthesized nanomaterials [193].             

Figure 4.7.5(a-e) show the EDAX spectrum of ZnO nanoparticles obtained from different 

solvents. The EDAX spectra of all the synthesized ZnO nanoparticles show an evidence 

for the presence of Zn and O. This indicated that all the prepared ZnO nanoparticles have 

got good crystalline nature and high purity [194]. 

4.7.2.3. UV-Visible spectral analysis 

 The optical energy gaps of synthesized ZnO nanoparticles at different solvents 

have been estimated by optical absorbance and reflectance measurements carried out 

between 200-800 nm wavelength region at room temperature. Figure 4.7.6(a) illustrates 

the absorbance spectra of ZnO nanoparticles synthesized through microwave combustion 

method using different solvents.  All the samples of ZnO nanoparticles show the optical 

absorption at UV-region. The absorption maxima (λmax) were observed at 348, 350, 348, 

358 and 350 nm for without solvent, water, ethylene glycol, digol and 2-propanol, 
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respectively [195]. The absorption spectrum in the UV-region is attributed to the 

presence of intrinsic band gap of ZnO nanoparticles. Figure 4.7.6(b) shows the 

reflectance spectra of ZnO nanoparticles obtained from different solvents. It reveals that 

all the prepared samples show perfect reflection in the visible region. The optical energy 

gap of ZnO nanostructures was determined using Kubelka-Munk method. Figure 4.7.7 

shows the plot of photon energy in eV versus [F(R)hν]2 for ZnO nanoparticles. The 

optical band gap was found to be 3.18, 3.19, 3.21, 3.21 and 3.19 eV for ZnO 

nanoparticles synthesized without solvent and with water, ethylene glycol, digol and                

2-propanol, respectively [196].   

 

 

 

 

 

 

 

 

Figure 4.7.6: (a) UV-Visible reflectance spectra; (b) UV-Visible absorbance spectra of 

ZnO nanoparticles synthesized using different solvents. 
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Figure 4.7.7: Plot of [F(R)hν]2 versus energy gap for ZnO nanoparticles synthesized 

using different solvents: (a) without solvent; (b) water; (c) digol; (d) 2-propanol and                

(e) Ethylene glycol. 
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4.7.2.4. Electrical properties of ZnO nanoparticles   

 

 

 

 

 

 

Figure 4.7.8: I-V characteristics of ZnO nanoparticles synthesized using different 

solvents in dark and light conditions. 

 

The current-voltage (I-V) characteristic studies of ZnO films prepared from 

doctor blade method have been carried out using silver paste to make good electrical 

contact. Figure 4.7.8(a-b) illustrates the I-V response of ZnO nanostructures synthesized 

using different solvents. The resistance and current intensity are the two important factors 

to study the electrical properties of ZnO nanoparticles synthesized using different 

solvents. It shows that all the synthesized ZnO nanoparticles have non-linear 

characteristics in dark as well as in light conditions [198]. In dark condition, the current 

intensity of ZnO nanoparticles prepared without solvent and with solvent 2-propanol 

have shown good current intensity and low resistance compared to ZnO prepared using 

other solvents (Figure 4.7.8(a)). Smaller the band gap, faster will be transition of electron 

from valence band to conduction band and hence higher will be the current intensity 

[199]. Figure 4.7.8(b) shows the I-V characteristic of ZnO nanoparticles under                   

UV-light condition. It shows that, all the samples of ZnO nanoparticles have considerable 
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enhancement in the current intensity (Curves moves to lower potential side) under               

UV-light illumination. This indicates that the absorption of UV-Vis. light generates 

electron-hole pairs and these holes combine with the electrons of adsorbed O2- ions to 

form O2 molecules on the surface of ZnO nanoparticles. However, the rest of electrons 

present in the conduction band cause an increase in the current intensity [200].  

4.7.3. Conclusions 

In the present study, the pure ZnO nanoparticles were successfully synthesized 

using different solvents such as water (WT), ethylene glycol (EG), digol (DG) and                         

2-propanol (2-PL) through microwave combustion method. The effects of solvents on 

structural, optical and electrical properties of ZnO nanoparticles were studied. The 

synthesized ZnO nanoparticles were characterized by XRD and the results shows that the 

ZnO nanostructures displayed hexagonal wurtzite structure. The FE-SEM images were 

showed the surface morphology of the ZnO nanoparticles. The optical band of ZnO 

materials were calculated through diffused reflectance spectra, which shows ZnO 

nanoparticles obtained without solvent, and with water and 2-propanol exhibit similar 

energy gap of 3.18 eV. The ZnO nanoparticle synthesized using ethylene glycol and digol 

show the energy gap of 3.21 eV which may be due to the surface-related fluctuations. 

The I-V characteristics of synthesized ZnO nanoparicles using different solvents showed 

photosensitive behaviour under dark and UV-light conditions. 
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In an efficient dye sensitized solar cell (DSSC), a sensitizer (dye) is one of the 

important key components which improve the efficiency of solar energy conversion. 

Over the past decades, the Ruthenium (Ru) complex based DSSCs were developed by 

researchers, which have shown high light to energy conversion efficiencies of over 11% 

[1]. However, high cost of synthesis, problematical steps of compound purification, very 

less yield of product and environmental concern have limited the potential applications of 

Ru complexes.  These disadvantages of Ru based complexes have given an insight for the 

development of metal free organic sensitizers. These dyes are used in the DSSCs due to 

their various significant advantages such as high absorption co-efficient, easy for 

synthesis and purification, less toxic, affordable cost and eco-friendliness [2]. The recent 

reports highlighted the highest photo conversion efficiency of DSSCs from organic 

sensitizers is greater than 13.5% indicates that the organic dye sensitizers are also proves 

to be the significant materials for DSSCs compared to Ru, Ce and Zn  transition metal 

sensitizers. The anchoring modes of the dye molecules to the crystalline semiconductor 

surface are of essential significance, the interaction and the extent of electronic coupling 

between the lower unoccupied state (LUMO) of dye and the conduction band of 

semiconductor influencing directly the overall cell performance [3]. Anchoring with wide 

band gap semiconductor surface (ZnO, TiO2, SnO2) has been achieved by using a  

number of essential functional groups present in the dye molecules, such as carboxylic 

acid (-COOH), sulfonic acid (-SO3H), Nitro (-NO2), acetylacetonate derivatives                     

(-CH3COCHCOCH3-) and salicylate (-C7H5O3-). Among these, the sensitizers with 
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functional group -SO3H gained more prominence due to the different possibilities of 

binding modes (mono-dentate or bi-dentate) on the surface of semiconductors [4]. 

Generally, the electronic and optical properties of dye molecules have contributed to 

understanding the type of dye-semiconductor interaction. It was observe that dyes having 

a sulphonic acid group as an anchoring group, the absorption of dye molecule was 

preferred by bidentate bridging with transfer of proton to nearby oxygen. The dye 

anchoring on surface of semiconductor by monodentate was found less stable compared 

to other forms of binding. [5]. But several researchers were used -SO3H contained dyes 

and achieved better efficiency of Gratzel cell. R. Parthiban et al. were revealed that the 

Evans blue sensitized ZnO device has shown the efficiency of 0.1% and it depends on the 

electronic structure of dye and semiconductor used [6]. S.A. Kazmi et al. reported that 

the 2.5% of efficiency was achieved by methyl orange anchor-TiO2 Ag DSSCs [7].  

In the present study, azo chromophore (-N=N-) based organic dyes (Trypan blue, 

SPDANS and Evans blue) have been used for the sensitization of transition metals doped 

nanoparticles.  The main aim of this chapter was to study the effect of dyes on the optical 

and electrical properties of transition metal doped semiconducting nanoparticles. The 

semiconducting doped metal oxide nanoparticles, Cr-ZnO, Zn-CuO, Ni-CdO, Cr-TiO2 

and Zn-MgO have been selected for the study. 
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5.1. Optical and Electrical Properties of Dye Sensitized Cr-ZnO Nanoparticles 

5.1.1. Results and discussion  

5.1.1.1. Cyclic voltammetric studies of dyes 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.1: Cyclic voltammograms of (a) Trypan blue (b) SPADNS (c) Evans blue 

dyes in   0.1 M KCl solution. 
 

 The electrochemical properties measured from cyclic voltammetry have been used 

to identify the molecular orbital energy levels of dye molecules. The molecular orbital 

energy levels of organic dye molecules consist of two major energy levels i.e., highest 
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occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). 

The HOMO is an outer energy level that acts as electron donor and LUMO is the 

innermost energy level that acts as electrons acceptor (from HOMO level). While 

selecting the organic dyes for DSSCs, the following points, viz., band gap energy, 

HOMO and LUMO energy levels of dye have to be considered [8]. Figure 5.1.1 shows 

the cyclic voltammograms of 0.1 mM solutions of Trypan Blue (TB), SPADANS (SPD) 

and Evans Blue (EB) in 0.1 M of KCl solution in the potential range from -1.4 to 1.4 eV 

versus saturated calomel electrode (SCE). The cyclic voltammograms of dyes shows 

irreversible cathodic peaks at -0.84, -0.67 and -0.60 V for TB, SPD and EB dyes, 

respectively (Figure 5.1.1(a-c)). The energy gap, LUMO and HOMO energy levels of the 

dyes have been calculated using the following equations [9]: 

ELUMO / EHOMO = - (4.8 + E            / E        )   

Eg = ELUMO - EHOMO   

EHOMO = ELUMO - Eg      

Eg  =                    eV   

 
where, E         is the onset oxidation potential and   E          is the onset reduction potential 

of the dyes and Eg is the energy level of ferrocene (4.8 eV), a standard reference. The 

ELUMO/EHOMO of TB, SPD and EB dyes were found to be - 3.93 eV / - 6.02 eV, - 4.13              

eV / - 6.56 eV and - 4.18 eV / - 6.22 eV, respectively. 
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5.1.1.2. UV-Visible absorption analysis of dye sensitized Cr-ZnO nanoparticles 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.2: Optical absorption spectrum of (A) Trypan blue (B) SPADNS (C) Evans 

blue dyes sensitized Cr-ZnO nanoparticles. 

Figure 5.1.2(A-C) shows the optical absorption spectra of dyes (TB, SPD and EB) 

in solution, 8 wt% Cr-ZnO nanoparticles (solid) and dyes sensitized 8 wt% Cr-ZnO 

nanoparticles (solid). From these figures, a significant difference between the optical 

absorption spectra of dyes and dyes sensitized 8 wt% Cr-ZnO nanoparticles was 

observed. Figure 5.1.2A(f)-C(f) represents the absorption spectra of dyes in solution,  
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which show the stronger absorption peaks at 597, 603 and 607 nm for TB, SPD and EB 

dyes, respectively. It reveals that the absorption maxima for all the dyes are in the visible 

range [10-11]. In addition, the absorption spectrum of individual dye in solution shows 

the different bands at lower wavelength region (UV) and one significant sharp band at 

higher wavelength region (Visible). The bands at lower wavelength region are assigned 

to π→π* transition of the aromatic ring. A sharp band at visible region is assigned to 

n→π* transition of lone pair of electrons present in the azo group (-N=N-) of dyes [12].  

Figure 5.1.2A(a)-C(a) show the UV-Visible spectra of 8 wt% Cr-ZnO nanoparticles, 

which reveal that, the 8 wt% Cr-ZnO nanoparticles shows the highest absorption 

maximum at 390 nm. Figure 5.1.2A-C(b-e) show the absorption for different 

concentration (0.5-7 mM for TB, 0.5-5 mM for SPD, EB) of dyes sensitized 8 wt%               

Cr-ZnO nanoparticles. The broadening in the absorption spectra (compared to dyes in 

solution) of dye sensitized 8 wt% Cr-ZnO nanoparticles clearly confirmed the anchoring 

of dyes on the surface of Cr-ZnO nanoparticles [13]. The Cr-ZnO nanoparticles 

sensitized with 3 mM TB, 3 mM SPD and 1 mM EB have shown strong optical 

absorption compared to the other concentration of dyes. At higher concentrations of dyes, 

no further increase in the optical absorption was observed and hence the adsorption 

saturation limit of TB, SPD and TB dyes on Cr-ZnO has been fixed at 3, 3 and 1 mM, 

respectively [14].  

5.1.1.3.  I-V characteristics of dye sensitized Cr-ZnO nanoparticles 

 Figure 5.1.3(a-b) illustrates the current-voltage (I-V) characteristics of TB, SPD 

and EB dyes sensitized 8 wt% Cr-ZnO nanoparticles under dark and UV-light conditions. 
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Figure 5.1.3(a) shows the current intensity of dyes sensitized 8 wt% Cr-ZnO 

nanoparticles under dark condition. From these curves, it can be seen that the dyes 

sensitized Cr-ZnO samples shows low current intensity compared to bare Cr-ZnO 

nanoparticles. This decrease in current intensity after dye sensitization is due to the 

blocking effect of the dye and as well as surface relaxation effect [15]. On UV-light 

illumination the current intensity of dyes sensitized Cr-ZnO nanoparticles has found to be 

enhanced considerably. This is due to the photo exited charge carriers (electrons) present 

in the LUMO levels of dyes are easily jumped into the conduction band (CB) of Cr-ZnO 

(ECB = -4.194 eV) nanoparticles. The mobility of these charge carriers increases under 

UV-light condition and hence increases the current intensity of dye sensitized Cr-ZnO 

nanoparticles [16].  

 

 

 

 

 

 

 

Figure 5.1.3: I-V characteristics of Trypan blue, SPADNS and Evans blue dyes 

sensitized  8 wt% Cr-ZnO in dark condition and UV-light condition. 
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5.2. Optical and Electrical Properties of Dye Sensitized Zn-CuO Nanoparticles 

5.2.1. Results and discussion 

5.2.1.1. UV-Visible absorption analysis of dye sensitized Zn-CuO nanoparticles 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2.1: UV-Visible spectrum of (A) Trypan blue (B) SPADNS (C) Evans blue 

dyes sensitized 4 mol% Zn-CuO nanoparticles. 
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Figure 5.2.1(A-C) show the UV-Visible absorption spectra of Trypan blue (TB), 

SPADNS (SPD) and Evans blue (EB) dyes and dyes sensitized monoclinic 4 mol%             

Zn-CuO nanoparticles. The absorption of dyes sensitized samples is due to the              

combined effect of transition metal doped semiconductors and dye molecules [17].  

Figure 5.2.1A(f)-C(f) show the optical absorption maxima at (λmax) 597 nm, 603 nm and 

607 nm for TB, SPD and EB dyes, respectively. The λmax for all the dyes are in the visible 

region [18]. Figure 5.2.1(A) displays the absorption spectra of TB sensitized (0.5-5 mM)                    

4 mol% Zn-CuO nanoparticles. It is found that the absorption of dye sensitized Zn-CuO 

nanoparticles was increased with increase in the concentration of dye with a small 

broadening in absorption maxima. It reveals the cooperative mechanism of TB dye 

molecule and Zn-CuO towards the optical absorption [19]. The similar result                       

was observed in the SPD and EB dyes sensitized 4 mol% of Zn-CuO nanoparticles 

(Figure 5.2.1(B-C)). Among these samples, EB sensitized Zn-CuO nanoparticles show 

well broadening (441-874 nm) compared to TB (440-841 nm) and SPD (438-865 nm) 

sensitized Zn-CuO nanoparticles. The Zn-CuO nanoparticles sensitised with 1 mM TB,             

1 mM SPD and 5 mM EB have shown strong optical absorption and at higher 

concentrations of the dyes, no further increase in the optical absorption was observed. 

This indicated that the adsorption saturation limit of TB, SPD and EB dyes on Zn-CuO 

was 1, 1 and 5 mM, respectively [20].  

5.2.1.2.  I-V characteristics of dye sensitized Zn-CuO nanoparticles  

Figure 5.2.2(a-b) shows the I-V response of TB, SPD and EB dye sensitized                    

4 mol% of Zn-CuO nanoparticles under dark and UV-light conditions. At dark condition, 
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the 4 mol% Zn-CuO nanoparticles show low current intensity compared to TB, SPD and 

EB dyes sensitized Zn-CuO nanoparticles. The low current intensity of dye sensitized  

Zn-CuO nanoparticles may be attributed to the blocking effect of dyes [15].                      

Figure 5.2.2(b) shows the I-V curves of 4 mol% Zn-CuO nanoparticles and dye sensitized 

4 mol% Zn-CuO nanoparticles under UV-light condition, which indicates a considerable 

enhancement in the current intensity upon dye sensitization. This is due to the transfer of 

photo electrons from the innermost energy (LUMO) levels of dyes to the conduction 

band (CB) of Zn-CuO (ECB = -4.35 eV) nanoparticles. The mobility of these charge 

carriers in the dye sensitized Zn-CuO nanoparticles increases under UV-light condition 

and responsible for the considerable enhancement in the current intensity of dye 

sensitized Zn-CuO nanoparticles [21]. 

 

 

 

 

 

 
 

Figure 5.2.2: I-V characteristics of Trypan blue, SPADNS and Evans blue dyes 

sensitized 8 wt% Zn-CuO nanoparticles in dark and UV-light condition. 
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5.3. Optical and Electrical Properties of Dye Sensitized Ni-CdO Nanoparticles 

5.3.1. Results and discussion 

5.3.1.1. UV-Visible absorption analysis of dye sensitized Ni-CdO nanoparticles 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3.1: UV-Visible absorbance spectrum of (A) Trypan blue (B) SPADNS and  

(C) Evans blue dyes sensitized 4 wt% Ni-CdO nanoparticles. 

To improve the power conversion efficiency of dye sensitized solar cells (DSSCs) 

optical properties of each material are very significant. Hence, the optical absorbance 

measurement of semiconducting nanomaterials, dyes and dyes coated nanomaterials were 

carried out using UV-Visible spectrophometer [22]. Figure 5.3.1A(f)-C(f) show the 
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optical absorption maxima at (λmax) 597 nm, 603 nm and 607 nm for TB, SPD and EB 

dyes, respectively. In addition, the absorption spectrum of individual dye in solution 

shows a sharp absorption peak at visible region and the small absorption peaks at            

UV- region. The absorption peak at visible region is attributed to n→π* transition of lone 

pair of electrons present in the azo group (-N=N-) of dyes and the absorption                  

peaks at UV-region are attributed to π→π* transition of the aromatic rings [23].                

Figure 5.3.1A(a)-C(a) display the optical absorption spectra of 4 wt% Ni-CdO, which 

reveal that the 4 wt% of Ni-CdO nanoparticles shows a strong absorption maxima in 

visible-region (481 nm). Figure 5.3.1A-C(b-e) represents the TB, SPD and EB dyes 

sensitized (0.5-5 mM) 4 wt% Ni-CdO nanoparticles. It is found that the optical 

absorption of TB, SPD and EB sensitized 4 wt% Ni-CdO nanoparticles were increased 

with increase in the concentration of dyes with a small broadening in absorption maxima. 

This indicated that the anchoring of dyes on the surface of 4 wt% Ni-CdO nanoparticles 

are responsible for broadening of absorption maxima. Among the dyes sensitized 

samples, the TB and EB sensitized Ni-CdO nanoparticles shows more broadening of 

absorption edge in the wavelength range of 435-754 and 433-716 nm, respectively [24]. 

On the other hand the SPD dye sensitized Ni-CdO nanoparticles shows less broadening. 

The Ni-CdO nanoparticles sensitized with 3 mM TB, 3 mM SPD and 0.5 mM EB have 

shown strong optical absorption and above these concentrations, no further increase in 

the optical absorption was observed. This indicated that the adsorption saturation limit of 

TB, SPD and EB dyes on Ni-CdO was 3, 3 and 0.5 mM, respectively [25]. 

5.3.1.2. I-V characteristics of Ni-CdO nanoparticles with and without dye 

sensitization 

Figure 5.3.2 (a-b) show the I-V response of TB, SPD and EB dyes sensitized                  

4 wt% of Ni-CdO nanoparticles under dark and UV-light conditions. Figure 5.3.2(a) 
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shows I-V curves of dye sensitized 4 wt% Ni-CdO nanoparticles under dark condition.  It 

can be seen that the TB, SPD and EB dyes sensitised 4 wt% Ni-CdO nanoparticles 

exhibits poor current intensity compared pure 4 wt% Ni-CdO nanoparticles. The decrease 

in the current intensity of dye sensitized Ni-CdO nanoparticles may be attributed to the 

blocking effect of the dye and as well as surface relaxation effect [26].  

 

 

 

 

 

 

 

Figure 5.3.2: I-V characteristics of Trypan blue, SPADNS and Evans blue dyes 

sensitized 4 wt% Ni-CdO nanoparticles in dark and light condition. 
 

Figure 5.3.2(b) shows the I-V curves of TB, SPD and EB dyes sensitized 4 wt% 

Ni-CdO nanoparticles under UV-light condition. It is found that the current intensity of 

dye sensitized nanoparticles shows considerable enhancement compared to bare 4 wt% of 

Ni-CdO nanoparticles. This is due to the transfer of photo exited charge                         

carrier (electrons) from LUMO levels of dyes to the conduction band (CB) of Ni-CdO 

(ECB = -4.315 eV) nanoparticles.  An increase in the mobility of these charge carriers 

under UV-light condition is responsible for the increase in current intensity for the dye 

sensitized Ni-CdO nanoparticles [27].  
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5.4.  Optical and Electrical Properties of Dye Sensitized Cr-TiO2 Nanoparticles 

5.4.1. Results and discussion 

5.4.1.1. UV-Visible absorption analysis of dye sensitized Cr-TiO2 nanoparticles 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4.1. Optical absorption spectrum of (A) Trypan blue (B) SPADNS (C) Evans 

blue dyes sensitized Cr-TiO2 nanoparticles. 

Figure 5.4.1(A-C) illustrates the UV-Visible absorption spectra of 8 wt%                  

Cr-TiO2, dyes coated 8 wt% Cr-TiO2 and dyes in solution. From these figures, a 

significant difference between the optical absorption spectra of dyes coated 8 wt%            
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Cr-TiO2 nanoparticles and TB, SPD, EB dyes was observed. Figure 5.4.1A(g)-C(g) 

shows the UV-Visible absorption spectra of TB, SPD and EB dyes in solution, which 

exhibit sharp absorption band at visible-region (597 nm for TB, 603 nm for SPD and 607 

nm for EB) and two to three week absorption band at UV-region (233 nm, 315 nm for 

TB, 235 nm, 301 nm, 371 nm for SPD, 316 nm, 396 nm for EB) [28]. The absorption 

maximum at higher wavelength region (Vis.) is corresponds to n→π* transition of lone 

pair of electrons present in the azo group. The absorption maxima at lower wavelength 

region (UV) are corresponds to π→π* transition of the conjugated aromatic system                   

of the dyes [29]. Figure 5.4.1A(b)-C(b) show the absorbance spectra of 8 wt%                 

Cr-TiO2 nanoparticles and it has strong optical absorbance at UV-region (394 nm). 

Figure 5.4.1A-C(c-f) shows the absorbance spectra of TB, SPD and EB dyes sensitized 

Cr-TiO2 nanoparticles. From these figures, the broadening of absorption maxima was 

observed at TB, EB and SPD dyes sensitized Cr-TiO2 nanoparticles. It clearly reveals the 

cooperative mechanism of dye molecules and Cr-TiO2 nanoparticles towards the optical 

absorption [30]. The 4 wt% Cr-TiO2 nanoparticles sensitized with 5, 5 and 1 mM have 

shown strong optical absorption compared to the other concentration of dyes. At higher 

concentration of dyes, no further increase in the optical absorption was observed, which 

confirmed the adsorption saturation limit of TB, SPD and TB dyes on Cr-TiO2 [31].  

5.4.1.2. I-V characteristics of Cr-TiO2 nanoparticles with and without dye 

sensitization 

Figure 5.4.2 (a-b) displays the current-voltage (I-V) characteristic studies of with 

(TB, SPD and EB) and without dye sensitized 8 wt% of Cr-TiO2 nanoparticles under dark 

and UV-light conditions. At dark condition, the 8 wt% Cr-TiO2 exhibits very low current 
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intensity compared TB, SPD and EB dye sensitized Cr-TiO2 nanoparticles. The decrease 

in current intensity after dye sensitization is due to the blocking effect of dye and surface 

relaxation effect [32-33]. Figure 5.4.2(b) displays the I-V curves of dyes (TB, SPD and 

EB) sensitized 8 wt% Cr-TiO2 nanoparticles under UV-light condition. On UV-light 

illumination the current intensity of TB, SPD and EB dyes sensitized Cr-TiO2 

nanoparticles has found to be improved considerably. This may be due to the easy 

transfer of photo exited electrons from the LUMO levels of dyes into the conduction band 

(CB) of Cr-TiO2 (ECB = -4.3143 eV) nanoparticles. The increase in the charge carrier 

density and mobility upon light illumination enhances the current intensity of dye 

sensitized Cr-TiO2 nanoparticles [33].  

 

 

 

 

 

 

 

Figure 5.4.2: I-V characteristics of Trypan blue, SPADNS and Evans blue dyes 

sensitized 8 wt% Cr-TiO2 nanoparticles in dark and light condition. 
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5.5. Optical and Electrical Properties of Dye Sensitized Zn-MgO Nanoparticles 

5.5.1. Results and discussion 

5.5.1.1. UV-Visible absorption analysis of dye sensitized Mg-ZnO nanoparticles 

 

 

 

 

  

 

 

 

 

 

 
 

Figure 5.5.1: Optical absorption spectrum of (A) Trypan blue (B) SPADNS (C) Evans 

blue dyes sensitized 2 wt% Zn-MgO nanoparticles. 

Figure 5.5.1(A-C) shows the absorption spectra of dyes (TB, SPD and EB) in 

solution and dyes coated 2 wt% Zn-MgO nanoparticles. The absorption spectra of TB, 

SPD and EB dyes in solution show the stronger absorption peaks at 597, 603 and 607 nm, 

respectively. It reveals that the absorption maxima for all the dyes are in the visible 
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range. The Zn-MgO nanoparticles sensitized with different concentration (0.5-5 mM TB, 

EB and 0.5-6 mM SPD) of dyes show the broadening of absorption edge as compared to 

the dyes in solution. In this case, the Zn-MgO nanoparticles sensitized with 1mM TB, 

1mM EB and 5 mM SPD dyes showed strong optical absorption compared to the other 

concentrations of dyes. At higher concentrations of dyes, no further increase in the 

optical absorption was observed. This revealed the adsorption saturation limit of TB, SPD 

and TB dyes on Zn-MgO was at 1, 1 and 5 mM, respectively [34]. The optical absorption 

spectra of all the dyes sensitized Zn-MgO nanoparticles illustrates that the TB, SPD and 

EB dyes are completely chemisorbed with Zn-MgO nanoparticles. The overall results 

indicate that the selected dyes TB, SPD and EB can be used as photo-sensitizers in wide 

band gap semiconductors [35].  

5.5.1.2. I-V characteristics of Zn-MgO nanoparticles with and without dye 

sensitization 

 

 

 

 

 

 

Figure 5.5.2: I-V characteristics of Trypan blue, SPADNS and Evans blue dyes 

sensitized 2 wt% Zn-MgO nanoparticles in dark and light condition. 

Figure 5.5.2(a-b) illustrates the current-voltage (I-V) characteristics of TB, SPD 

and EB dyes sensitized 2 wt% Zn-MgO nanoparticles under dark and light conditions. 
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Figure 5.5.2(a) shows the current intensity of dyes sensitized Zn-MgO nanoparticles 

under dark condition. From these curves, it can be seen that the dyes sensitized Zn-MgO 

nanoparticles shows low current intensity compared to bare Zn-MgO nanoparticles. The 

decrease in current intensity after dye sensitization is due to the blocking effect of the dye 

[36]. Upon UV-light illumination on the surface of dyes sensitized Zn-MgO 

nanoparticles, the electrons present in the dyes were promoted from HOMO (- 6.02,                

- 6.56 and - 6.22 eV) level to LUMO (- 3.93, - 4.13 and - 4.18 eV) level of the dyes. 

Subsequently, these exited electrons are impinged to the conduction band of Zn-MgO 

(ECB = - 4.24 eV, EVB = - 7.05 eV) nanoparticles [37]. The increase in the charge carrier 

density and mobility upon light illumination is responsible for the enhancement of current 

intensity of Zn-MgO nanoparticles. This remarkable increase in the current intensity of 

dyes coated Zn-MgO nanoparticles made them to use in photovoltaic applications [38].  

5.6. Conclusions 

  The effect of dyes on the optical and electrical properties of Cr-ZnO, Zn-CuO,  

Ni-CdO, Cr-TiO2 and Zn-MgO nanoparticles were studied. The absorption spectrum of 

TB, SPD and EB dyes sensitized 8 wt% Cr-ZnO, 4 mol% Zn-CuO, 4 wt% Ni-CdO,               

8 wt% Cr-TiO2 and 2 wt% Zn-MgO  nanoparticles show the broader peaks compared to 

bare 8 wt% Cr-ZnO, 4 mol% Zn-CuO, 4 wt% Ni-CdO, 8 wt% Cr-TiO2 and 2 wt%                 

Zn-MgO nanoparticles. The current-voltage (I-V) measurement under dark as well as 

UV-Vis. light illumination conditions showed the photosensitive behaviour of dye 

sensitized Cr-ZnO, Zn-CuO, Ni-CdO, Cr-TiO2 and Zn-MgO nanoparticles. The increased 

current intensity of dye sensitized Cr-ZnO, Zn-CuO, Ni-CdO, Cr-TiO2 and Zn-MgO 

nanoparticles was clearly indicated the possibility of using these nanoparticles in the 

fabrication of dye sensitized solar cells (DSSCs). 
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Microwave combustion synthesis of hexagonal prism shaped ZnO
nanoparticles and effect of Cr on structural, optical and electrical
properties of ZnO nanoparticles
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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� The prism shaped Zn1�xCrxO
(0 � x � 0.15) was prepared by mi-
crowave combustion method.

� Effect of Cr on the properties of ZnO
was reported.

� Change in crystal size was explained
by lattice strain and Zener-Pinning
effect.

� The optical measurements shows up
to 8 wt% of Cr doping had more
efficient.

� Compared to ZnO, Cr doped ZnO
enhance the photo voltaic activity.
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a b s t r a c t

The synthesis and study of semiconducting nanostructure materials have become a considerable inter-
disciplinary area of research over the past few decades. The control of morphologies and effective doping
by right dopant are the two tasks for the synthesis of semiconducting nanoparticles. The present work
outlines the synthesis of ZnO and Cr-ZnO nanoparticles via microwave combustion method without
using any fuel. The crystal morphology, optical and electrical properties were characterized by X-ray
diffraction study (XRD), UVeVisible spectroscopy (UVeVis), Scanning electron microscopy (SEM),
Energy-dispersive analysis using X-rays (EDAX), Transmission electron microscopy (TEM) and Keithley
source meter. The crystal size was determined from XRD, whose values were found to be decreased with
increase in the concentration of Cr up to 2 wt% and further increase in the dopant concentration resulted
the formation secondary phase (ZnCr2O4). Scanning electron micrographs shows the hexagonal prism
structure of ZnO and Cr-ZnO nanoparticles. EDAX shows the existence of Cr ion in the Cr-ZnO. The optical
properties and bandgap studies were undertaken by UVeVisible spectroscopy. I-V characterization study
was performed to determine the electrical property of ZnO and Cr-ZnO films.

© 2016 Published by Elsevier B.V.

1. Introduction

Nanotechnology is an emerging field with its varied applications
in science and technology for the manufacturing of new materials
at the nanoscale level [1]. The development of nano-sized metal* Corresponding author.
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ABSTRACT

The present paper demonstrates the effect of Zn ion doping on structural,

electrical and optical properties of monoclinic CuO nanoparticles prepared via

microwave combustion method. The crystal structure, optical and electrical

properties of synthesized CuO and Zn-doped CuO samples were characterized

by X-ray diffraction study, field emission scanning electron microscopy, energy-

dispersive X-ray diffraction study, UV–Visible spectroscopy, transmission

electron microscopy and photoconductivity technique. The XRD values show

that the crystalline size of Zn-doped CuO nanoparticles was varied with Zn

concentration and also it depends on the micro-strain and dislocation density of

CuO lattice. FE-SEM and TEM images indicated that the synthesized samples

are of the cube and rod-like structures in nature. The band gap of CuO

nanoparticles has been calculated using Tauc’s plot and the result showed that

the incorporation of Zn has decreased the bandgap of CuO. The I–V charac-

terization study was performed to determine the electrical property of CuO and

Zn-doped CuO films. From the results, it is observed that the photocurrent of

CuO and Zn-doped CuO films is found to be greater in UV-light as compared to

dark.

Introduction

In recent years, the nanometer sized semiconducting

metal oxides and transition metal-doped metal oxi-

des have become subject of interest [1]. Currently, the

research is focussed on the synthesis of various

nanostructures of semiconducting metal oxides (such

as nanorods, nanowires, nanoflowers, nanoprisms,

nanoplates, etc.), because of their structural depen-

dent properties. In the oxides of copper family,

cuprous oxide (Cu2O) and cupric oxide (CuO) are the

most selected metal oxides to prepare nanoparticles

with different morphologies [2]. A number of CuO

nanostructures have been synthesized in different

morphologies through various methods like

hydrothermal [3], solvothermal [4], co-precipitation
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ABSTRACT	
	
The	present	study	demonstrates	how	petal‐shaped	copper	oxide	(CuO)	nano‐rod	structures	
were	fabricated	using	the	microwave‐assisted	combustion	method.	The	prepared	material	
was	annealed	at	a	temperature	of	500°C	and	characterized	by	means	of	optical	absorption	
spectroscopy	 (UV–Vis),	 X‐ray	 diffraction	 (XRD),	 Field	 emission	 scanning	 electron	
microscopy	(FE‐SEM),	and	Photo‐conductivity	technique	(I‐V	characteristics).	The	optical	
energy	 gap	 of	 CuO	 nano‐rods	 was	 analysed	 through	 the	 UV–Vis	 NIR	 spectroscopic	
technique	and	 the	 result	 illustrates	 that	 the	energy	gap	of	 synthesised	CuO	nano‐rods	 is	
found	to	be	1.44	eV.		The	XRD	of	the	synthesised	sample	confirms	that	copper	oxide	nano‐
rods	are	in	pure	monoclinic	phase	with	lattice	parameters	x=4.675	Å,	y=3.343	Å,	z=5.183	Å.	
Energy	dispersive	analysis	using	X‐rays	confirms	the	existence	of	copper	and	oxygen	atoms	
in	synthesised	CuO	nanocrystals.	FE‐SEM	micrographs	specify	that	the	synthesised	material	
contains	nanostructured	nano‐rods	with	a	small	amount	of	agglomeration	in	the	product.	
The	 electrical	properties	of	CuO	 film	were	 studied	 through	 I‐V	 characterization	and	 the	
results	 depict	 that	 the	 conductance	 of	 CuO	 film	 is	 found	 to	 be	 superior	 under	UV‐	 light	
compared	to	in	the	dark.	
	
Keywords:	Crystalline	size,	Energy	gap,	Morphology,	Petal	shaped	rods,	Tenorite.	

	
	
1. INTRODUCTION	
	
Synthesis	 of	metal‐oxide	 and	 transition	metal	 doped	 semiconducting	 nanomaterials	 provide	
opportunities	 for	 improved	 applications	 in	 different	 areas	 of	 science	 and	 technology	 due	 to	
their	unique	physical	and	chemical	properties	caused	by	their	nano‐sized	dimension	and	large	
surface/volume	 ratio	 [1].	 One‐dimensional	 nanomaterial	 such	 as	 nano‐ribbons,	 nano‐belts,	
nano‐cubes,	 and	 nano‐prisms	 have	 become	 the	 focus	 of	 intensive	 research	 due	 to	 their	
distinctive	properties	and	their	significance	for	fabrication	into	high‐density	nanoscale	devices	
[2].	 The	 transition	metal	 oxides	 such	 as	 copper	 sulphide	 (CuS),	 cerium	 oxide	 (CeO2),	 nickel	
oxide	(NiO),	ferrous	oxide	(Fe2O3),	and	Titania	(TiO2)	are	an	important	class	of	semiconductors.	
Among	 these	metal‐oxides,	 Copper	 (I)	 oxide	 (Cu2O)	 and	 copper	 (II)	 oxide	 (CuO)	 have	 been	
gaining	more	popularity	in	recent	years	due	to	properties	such	as	excellent	thermal	stability,	
easily	 available	 reactant	 materials,	 non‐toxic,	 and	 exhibits	 good	 optical	 and	 electrical	
properties	[3].	Due	to	these	properties,	recently	most	research	work	is	mainly	focused	on	the	
synthesis	 of	 different	 CuO	nanostructures,	 such	 as	 nano‐flowers,	 nano‐flakes,	 nano‐pyramid,	
nano‐plates,	and	nano‐bats	[4].		
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A B S T R A C T

This work outlines the synthesis of pure CdO and Ni-CdO nanoparticles with different weight percentage (2, 4, 6,
8 and 10 wt%) of Ni2+ through microwave combustion route using cadmium nitrate and nickel nitrate as
precursors and ethylene glycol as solvent. The morphological, optical and electrical properties of the material
obtained after calcination was systematically characterized for various physicochemical properties and photo-
conductivity characteristics. The X-ray diffraction study of the synthesized and calcinated CdO and Ni-CdO
nanoparticles confirms the existence of cubic phase with no impurity peaks (up to 4wt%). The average crys-
talline size is found to be in the range of 41–47 nm based on Debye-Scherrer formula calculation. The scanning
electron micrograph reveals that the synthesized samples are prismatic to spherical shaped and also it is ob-
served that, the porosity enhances with increase in the concentration of Ni2+ ions. Energy dispersive X-ray
micrographs show the existence of Ni2+ in the Ni-CdO samples. The optical bandgaps of synthesized samples are
determined by Tauc's plot. Transmission electron microscope images are in accordance with the surface
morphologies of scanning electron micrographs. The current-voltage characteristic (I–V) of CdO and Ni-CdO
films shows that the photo current of CdO and Ni-CdO films is greater in UV-light as compared to dark.

1. Introduction

Semiconductor nanoparticles have been extensively studied from
both experimental and theoretical viewpoints because of their potential
applications in solar energy conversion, photocatalysis and in optoe-
lectronics devices [1]. Nanoscale materials have unusual optical and
electronic properties and wide potential uses as optoelectronic devices.
The desire for miniaturization is the driving force behind nanoparticles
synthesis [2]. Since the shape, size, and dimensionality of semi-
conductors are vital parameters for their properties, developing facile
methods to prepare nanomaterials with well-defined structures are of
great interest and importance. One-dimensional nanostructures of
semiconductor materials have received much attention because they
offer superior opportunities for both fundamental research and tech-
nological applications [3–6]. More recently, the transparent semi-
conducting nanomaterials have attracted attention due to its excellent
properties arising out of large surface-to-volume ratio, quantum con-
finement effect [7] etc. CdO is an interesting n-type semiconductor,
with a direct band gap of 2.3 eV and indirect bandgap of 1.98 eV. It has
been studied for a variety of potential applications like organic solar
cells [8], eliminating cancer cells [9], photocatalyst [10], light emitting
diodes [11], flat display panels [12], photovoltaic's [13]

electrochemical study of drugs [14] and heat mirrors [15]. However,
various nanostructures of pure CdO and doped CdO nanoparticles (such
as nanoprisms, nanorods, nanoflowers, nanosheets, nanospheroids etc.)
have drawn more importance compared to other wide bandgap metal
oxides (ZnO, TiO2, SnO2 etc.) because of their structural dependent
properties such as narrow band gap, good electrical conductivity, low
processing cost and excellent thermal stability [16]. Hence, recent ap-
plication oriented research is more focussed at controlling the crystal-
line size and shape to improve the optical absorption and electrical
properties of CdO nanostructures [17].

A substantial number of studies have reported that the properties
of CdO and transition metal (Cr, Cu, Ni etc.) doped CdO nanoparticles
are extremely dependent on their conditions and methods of pre-
paration [18]. Desirable properties have been achieved by doping
with the right dopant and using appropriate preparation methods such
as mechanochemical, simple thermal evaporation, solvothermal,
template hydrothermal and solid vapour methods [19–22]. Although
these methods are proven to be useful, they encounter some dis-
advantages such as consuming large amount of solvents, requirement
of high-cost instruments, high processing cost and need for long re-
action completion time. Further, some of these synthesis routes re-
quire very high temperature, involve multiple steps of procedure and
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A B S T R A C T

The present work outlines the synthesis of CuO and Zn-CuO nanoparticles via microwave combustion method
using urea as a fuel. The structural, optical and electrical properties of the CuO and Zn-CuO nanoparticles were
systematically characterized through UV–Visible spectroscopy (UV–Vis), Field-emission scanning electron mi-
croscopy (FE-SEM), Photoconductivity technique (I-V study), X-ray diffraction studies (XRD), Transmission
electron microscopy (TEM) and Energy dispersive analysis X-rays spectrometer (EDAX). The average crystalline
size and micro-strain of pure CuO and Zn-CuO nanoparticles were calculated using Debye-Scherrer and William-
Hall (W-H) plot methods. The crystalline size was found to be decreased with increase in the concentration of
Zn2+ up to 6mol% and a further increase in the Zn2+ concentration resulted in the formation impurity phase.
Field emission scanning electron micrographs show the monoclinic rod-like structure of CuO and Zn-CuO na-
noparticles. Energy dispersive X-ray spectra display the existence of Zn2+ in Zn-CuO nanoparticles. The optical
band gap values of CuO and Zn-CuO nanoparticles were determined by optical absorption method and the results
show a slight decrease in the optical band gap with Zn2+ doping. Electrical properties of CuO and Zn-CuO films
were performed using I-V characterization studies and the results shown that the enhancement of photocurrent is
more in UV-light as compared to dark.

1. Introduction

Intense research is being carried on the synthesis of different tran-
sition metal oxide nanostructures (ZnO, SnO2, CdO, V2O5, TiO2 and
Fe2O3) because of their special properties such as large surface to vo-
lume ratio, quantum size effect, magnetic, optical and electrical prop-
erties. In addition, these materials are dependent upon other properties
like crystalline size, structure of particles and their surface conditions
[1]. These properties are achieved through preparation of different
active nanostructures (nanorods, nanoflower, nanoprism etc.) using
different experimental techniques [2]. Among the transition metal
oxides, a lot of research has been carried out on different nanos-
tructured cupric oxide (CuO) and cuprous oxide (Cu2O). It is because of
their small energy gap, low cost of preparation, excellent thermal sta-
bility, good optical and electrical properties [3–5]. Due to these prop-
erties, CuO nanostructures have attained a large extent of interest
owing to their wide potential applications in various fields such as solar
devices [6], catalysis [7], electrochemical analysis [8], field emitters
[9], gas sensing [10], photo catalytic activity [11], supercapacitor [12],

giant magnet resistance materials [13], ceramic pigments [14], elec-
trochromic devices [15] etc. Moreover, more importance has been
given to control the crystalline size and shape of CuO nanostructures,
which improves the optical and electrical properties [16].
Currently, morphology and size distribution of CuO nanoparticles

play an important role in deciding their properties. An important
method to modify the properties of nanoparticles is the introduction of
dopant in the parent system. Suitable dopants (Cr2+/3+,Gd3+, Ni2+,
Yb3+, Co2+ etc.) are often mixed with the CuO matrix, which modify its
microstructure and defect chemistry, resulting in a change in its elec-
trical and optical properties [17]. Among these transition metal ions,
Zn2+ ion has been used to improve the optical, electrical and magnetic
properties of CuO nanoparticles. ZnO is an important p-type semi-
conductor nanoparticle, which shows unique optical and electronic
properties due to its wide bandgap of 3.37 eV and the large exciton
binding energy (60 eV) at room temperature [18]. In addition, ZnO
possesses salient characteristics such as high stability, non-toxic nature,
good optoelectronic properties and low cost of synthesis. Hence, Zn2+

has been chosen as a right dopant to modify the band gap and improve
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 i 

SYNOPSIS 

 The look for renewable sources of energy is a most important thrust area as an 

alternative to conventional energy sources due to very high emission levels of 

environmental polluted gases (greenhouse gases) like carbon dioxide (CO2), carbon 

monoxide (CO), nitrogen oxides (NOx), sulphur dioxide (SO2), phosphorous pentaoxide 

(P2O5) and other traditional fossil fuels like hydrocarbons [1]. Furthermore, the 

processing cost for the generation of electrical energy from conventional sources like 

fossil fuels and nuclear elements increases significantly. In addition to this, the social and 

environmental considerations, such as the cost for securing reliable oil supplies, process 

nuclear wastes, and to relief disasters caused by global climate changes, etc, are 

increasing day-by-day [2]. While the generation of electricity from non-renewable energy 

sources is released a large amount of CO2 and nuclear radiations, which affects the big 

environmental issues like global warming and health issues for human beings. So it is 

necessary to replace these conventional sources with non-conventional one [3]. Among 

the various renewable energies, solar energy is considered as the most favourable for its 

usefulness. Moreover, the solar ultraviolet radiations striking on the earth's surface have 

no cost, clean, sustainable, eco-friendly and commonly dispersed over the entire global 

[4]. So the light conversion route of these solar radiations into electrical power by using 

the optical and electronic properties of appropriate materials shows to be a graceful 

energy conversion process and an ideal alternative to conventional energy sources. This 

clearly confirms the solar modules are the best solution for converting solar energy into 

useful electrical energy [5].  
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During the past few decades, nanomaterials have emerged as the new building 

blocks to construct solar energy harvesting assemblies. Nanotechnology is believed to 

revolutionize the industry in the coming years and will have a significant economic 

impact allowing a considerable cost reduction of the photovoltaic energy, both by 

reducing the cost of the devices and by increasing efficiencies [6]. Size-dependent 

properties such as size quantization effect in semiconductor nanoparticles and quantized 

charging effect in metal nanoparticles provide the basis for developing new and effective 

light energy harvesting systems [7]. These nanostructures provide innovative strategies 

for designing next-generation energy conversion devices. Tailoring the optoelectronic 

properties of metal oxide nanoparticles by organizing chromophores of specific 

properties and functions on nanoparticles can yield photoresponsive inorganic 

nanohybrid materials. Amongst the various types of nanomaterials, semiconductor 

nanoparticles have been widely investigated in recent years [8].  

In order to improve the photo-efficiency of photovoltaic devices (solar cells), 

various methods are used such as doping of right dopant ions (transition and inner 

transition metal ions) into bare nanomaterial lattice [9]. Doping the impurity ion is known 

as one of the effective ways to manipulate the internal properties of host material such as 

crystalline structure and crystallite size. Many attempts have been made to tune the band 

gap by varying the composition of transition metal ions. It is possible to decrease the 

band gap by using right dopants [10]. In addition, a few reports of present years 

suggested that transition metal doped semiconductors could possess interesting optical 

properties. The origin of these improved photo-reactivities is clearly related to the 

efficiencies of the doping centers in trapping charge carriers and interceding in the 
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interfacial transfer. Trapping either an electron or hole alone is ineffective for the 

generation of photocurrent because immobilized charge species quickly recombines with 

mobile counterpart. Thus, metal ions can also serve as charge trapping sites and thus 

reduce electron-hole recombination rate [11]. In order to reduce the band gap of 

semiconductors, incorporation of certain amount of transition and rare earth metal such as 

Cr, Er, Ce, Cu, Gd, Mn and V has extensive importance. Doping of these metals 

essentially reduces the band gap of semiconductors for the photo-excitation and 

simultaneously reduces the recombination rate of photogenerated electron-hole pairs [12]. 

The effect of doping on the activity of semiconducting nanomaterials depends on number 

of key factors, e.g. the method of doping, synthesis route and the concentration of dopant 

[13]. Therefore, looking for a simple method and appropriate metal dopants are necessary 

for the large-scale synthesis of metal-doped nano semiconductors.  

Recently, numerous methods, such as electrochemical [14], solvothermal [15], 

solid-state [16], hydrothermal [17], sol-gel [18] have been developed for synthesizing 

uniform nano-sized pure and doped metal oxide particles. The metal oxide nanoparticles 

exhibit novel electrical, mechanical, chemical and optical properties due to the larger 

surface area and quantum confinement effects [19]. Among these methods, the 

microwave-assisted synthesis has gained more importance due to its advantages of being 

fast, simple and more energy efficient [20-21]. Compared to the conventional heating 

process, (a) microwaves generate high power densities, enabling increased production 

speeds and decreased production costs, (b) microwave energy is precisely controllable 

and can be turned on and off instantly, eliminating the need for warm-up and cool-down, 

(c) microwave energy is selectively absorbed by areas of greater moisture resulting in 

more uniform temperature and moisture profiles, and d) microwave method gives 
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improved yields and enhanced product performance [22]. Therefore, the fabrication of 

transition metal oxides with different morphology for the solar energy harvesting has 

been the target of scientific interests in recent years because of their unique properties and 

fascinating applications in optoelectronics [23]. 

Dye-sensitized solar cells (DSSCs) are the most promising photovoltaic devices in 

the third generation solar cells for achieving good energy conversion efficiency at low 

cost [24]. It was firstly reported by the Michael Gratzel and Brian O’Regan in 1991, so it 

is also called as “Gratzel cell”. After this invention, DSSCs have gained more importance 

in the various fields like chemistry, physics and materials science due to their low 

processing cost and easy fabrication method compared to Si-based conventional solar 

cells [25].  

In DSSCs, the heart of the system is a mesoporous oxide layer composed of  

metal oxide nanoparticles sintered on a transparent conductive glass substrate, such as 

indium-doped tin oxide (ITO) or fluorine-doped tin oxide (FTO) glass. This mesoporous 

oxide film acts as a high surface area support for the sensitizer, a pathway for electron 

transportation and a porous membrane for the diffusion of the redox couple [26]. 

Specifically, nanocrystalline semiconductor oxide (typically TiO2) nanoparticles, which 

adsorb dye molecules onto their surface and transport photo-generated electrons to the 

outer circuit, serve as electron conductors and state the efficiency of electron transport 

and collection [27]. By this, the solar energy-to-electricity conversion efficiency for the 

best DSSCs has now been enhanced from 12 to 14%, with various recent efforts                  

directed mainly towards developing better inorganic electrode materials and organic 

sensitizers [28].  
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Zinc oxide (ZnO) is one of the significant metal oxide semiconductors with a 

wide energy gap of 3.31 eV and large excitation binding energy (60 eV) [29]. These 

unique characteristics make it suitable to various applications, such as optical coating, 

solar cells, gas sensors and photocatalyst [30]. In fact, doping of right dopant, structure, 

and size play a vital role in the optical and electrical properties of ZnO nanostructures, 

which can be controlled by the different routes of the nanostructure growth. Therefore, 

many methods have been created to synthesize ZnO nanostructures including microwave 

combustion method, solvothermal method, sol-gel method, hydrothermal method, an auto 

combustion method, ultrasonic and chemical vapor deposition methods [31]. As 

mentioned above, the doping of ZnO with right dopants offers an effective method to 

enhance and control its electrical properties. The elements such as  Au2+, Ce3+, Eu3+, In3+, 

Cu2+ and Cr3+ have been doped in order to control the optical and electrical properties of 

host ZnO materials. Moreover, undoped and doped ZnO has considered being a potential 

commercial material due to its low-cost, non-toxicity, and abundant availability in nature. 

By this, ZnO is being used in the fabrication of third-generation dye-sensitized solar cells 

(DSSCs) [32]. 

Copper oxide (CuO) is an important semiconducting transition metal oxide with 

a monoclinic crystal structure and it has been studied as a p-type semiconducting metal 

oxide with a bandgap of 1.7 eV [33]. The CuO is being used as a novel material because 

of the ease of availability of raw materials, low processing cost, non-toxic nature, 

excellent thermal stability, good optical and electrical properties [34]. The unique 

physical, chemical and electrical properties of CuO nanoparticles have many potential 

applications in the fields of photocatalyst, batteries, gas sensing, solar cells and 

biosensors [35]. It has been highlighted that the crystal shape and size are the two 
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important considerations to control the optical and catalytic properties of CuO 

nanoparticles [36]. Furthermore, in the recent research the main focus is given to tune the 

energy gap of CuO. Doping of several metal ions into the host lattice of CuO is one of the 

significant routes to alter the energy gap of CuO [37]. Chiang et al. reported the effects of 

Ni doping on the photoelectrochemical properties of CuO thin film photo-electrode. They 

found that the photocurrent density was decreased with the improved conductivity [38], 

M.  Iqbal et al. reported that the band gap of CuO increased upon Mn doping and they 

proved that the Mn-doped CuO nanowires are much photoactive than the undoped CuO 

nanowires [39]. 

Cadmium oxide (CdO) is transparent conducting oxides materials that hold both 

high electrical conductivity and high optical transparency (>80%) in the visible light 

region of the electromagnetic spectrum [40]. CdO is an n-type semiconductor with nearly 

metallic conductivity. Its indirect and direct bandgaps of are in the range of 2.2-2.5 eV 

and 1.3-1.98 eV respectively. Such a difference in both direct and indirect bandgaps is 

attributed to intrinsic cadmium and oxygen vacancies [41]. Due to its ionic nature 

coupled with its low electrical resistivity and high optical transmission in the visible 

region. Nanoscaled CdO has extensive applications as solar cells, windows, IR reflector, 

transparent electrodes, flat panel display and photo-transistor. It was proven that the 

structural, electrical and optical properties are very sensitive to the film structure and 

deposition conditions. Such transparent conductors are being used to comprehensively in 

thin films solar cells and optoelectronic devices [42].  

Titanium oxide (TiO2) nanoparticle is one of the promising materials for the 

fabrications of dye-sensitized solar cells (DSSCs). Because it has special properties like 

wide bandgap, suitable band edge levels for charge injection and extraction, the long 
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lifetime of excited electrons, exceptional resistance to photo-corrosion, non-toxicity and 

low cost [43]. TiO2 occurs naturally in three different forms; anatase (tetragonal), rutile 

(tetragonal) and brookite (orthorhombic). For DSSCs, anatase is the most commonly used 

phase due to its superior charge transport. The tetragonal anatase crystal structure is made 

up of a chain of distorted TiO6 octahedrons, which results in a unit cell containing four 

titanium atoms and eight oxygen atoms [44]. In addition, TiO2 is one of the most 

attractive wide bandgap transition metal semiconductor, non-toxic, highly stable and low 

commercial cost. Due to these properties, TiO2 gain more importance in the fabrication of 

photo-anode for dye-sensitized solar cells (DSSCs) with different structures such as 

nanotubes, nano-rods, nano-flower and nanofibers [45]. Most of the research focused on 

the modification of properties of TiO2 by changing the morphology, tuning of the phase 

or external doping by different approaches. Also, morphology, specific surface area, 

crystal phase and crystalline structure of TiO2 nanoparticles plays important role in solar 

cell performance [46]. 

Magnesium oxide (MgO) has a rock salt structure with Mg2+ and O2- ions are 

octahedrally coordinated, making bulk magnesium oxide a diamagnetic material with a 

wide band gap of 7.8 eV [47]. Due to its wide band gap, inexpensiveness, and long term 

stability, MgO is used in potential applications of numerous disciplines. It can be 

extensively utilized in the fields of translucent ceramics, refractory, plasma display panel, 

absorbents in many pollutants and superconducting products [48]. Due to good 

photocatalytic properties of MgO, it is being used in the form of an ultra-thin shell on the 

surface of some metal oxides such as SiO2, ZnO, and TiO2 to improve the efficiency of 

dye-sensitized solar cells. Magnesium oxide (MgO) has been used as an insulating layer 

in the TiO2 based DSSCs because of two important reasons: firstly, the MgO layer 
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protects the back electron transfer from the TiO2 layer to the electrolyte solution and 

hence, reduces electron-hole recombination; secondly, the MgO coating layer improves 

the dye adsorption, leading to an improved efficiency. Also, it is an eco-friendly material 

and is extensively used in many medical, industrial and agricultural products [49].  

Similar to photo-anode materials, many organic dyes are taking a significant role 

in the applications of dye-sensitized solar cells. The process of photosensitization play a 

vital role in absorbing some amount of visible light and photo exited electrons in the dye 

molecules that impinge into the conduction band of metal surfaces [50]. To achieve these 

functions, the dye molecules have to meet several conditions such as; the excited energy 

level (LUMO) of the dye should be slightly higher compared to conduction band of 

semiconductors, forming strongly bond with semiconductor surface, high absorption 

coefficient, wide spectrum of absorption in the visible region (redshift) and long term 

stability [51]. However, in past few years, most of the researchers have used ruthenium-

based complexes as effective sensitizers, due to their intense charge absorption capacity 

in the whole visible range and more efficient in metal-to-ligand charge transfer rate. But, 

in recent days the metal-free organic dyes are used as a sensitizer in the alternative to 

ruthenium related complexes. Because the ruthenium complex includes heavy metal, 

which is undesirable from the point of view of eco-friendly aspects and it has high price 

[52]. By this, the metal-free organic dyes of Eosin-Y, Fast Sulphon Black-F, Solochrome 

Black-T, Orange IV, SPDANS and Evans blue are used as sensitizers with acceptable 

efficiency. These metals free organic dyes have more absorption coefficient compared to 

transition metal complexes due to π-π* transition. Due to these features, most researchers 

have used metal-free organic dyes instead of metal complexes to improve the efficiency 

of DSSCs [53].  
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The present work is mainly focused on the synthesis and characterization of 

purely advanced semiconducting metal oxide nanoparticles, transition metal doped 

nanoparticles and their usage in low-cost dye-sensitized solar cells. The metal oxide 

nanostructures were synthesized by microwave combustion method with two different 

modes, such as solution and solid state mode. These metal oxide nanoparticles can 

exhibit an array of unique novel properties such as large surface area, high specificity, 

good reactivity and other properties, which can be an added advantages for industrial 

applications. The main aim of this work includes,  

• Synthesis of undoped (ZnO, CuO, CdO, TiO2 and MgO) and transition metal doped 

metal oxide (Cr-ZnO, Zn-CuO, Ni-CdO, Cr-TiO2 and Zn-MgO) nanoparticles. 

• Studies on the effect of doping on structural, optical and electrical properties of 

ZnO, CuO, CdO, TiO2 and MgO nanoparticles.   

• Sensitization of transition metal doped metal oxide nanoparticles (Cr-ZnO,                  

Zn-CuO, Ni-CdO, Cr-TiO2 and Zn-MgO).using Eosin-Y, SPADANS, Trypan blue 

and Evan’s blue dyes. 

• Evaluation of the consequence of dye sensitization on optical and electrical 

properties of synthesized transition metal doped semiconducting nanoparticles. 

The thesis entitled “Generation of dye-sensitized transition metal doped 

semiconductors for efficient solar energy harvesting - A Low-Cost method” 

comprises five chapters. 

Chapter-1 deals with the general introduction about nanomaterials and dye 

sensitized solar cells. It covers the literature review on history of solar energy conversion, 

DSSCs and their working principle, metal oxides for fabrication of DSSCs, nanomaterials 
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and their types, and various methods of synthesis of nanomaterials. At the end, the 

properties and applications of metal oxide nanomaterials were also described in detail. 

Chapter-2 outlines the broad aim and scope of the work. It highlights the 

significance and comprehensive approaches to the synthesis of semiconducting 

nanoparticles and their applications for DSSCs. 

Chapter-3 furnishes the methods and materials adopted in this work. This 

includes; 

• Preparation of ZnO, CuO, CdO, MgO, TiO2, Cr-ZnO, Zn-CuO, Ni-CdO, Cr-TiO2, 

and Zn-MgO nanoparticles using microwave combustion method. 

• Characterization of synthesized ZnO, CuO, CdO, MgO, TiO2, Cr-ZnO, Zn-CuO, 

Ni-CdO, Cr-TiO2 and Zn-MgO nanoparticles using X-Ray diffraction studies 

(XRD, Model: Bruker D8 Advance), Field-emission scanning electron microscopy 

(FE-SEM, Model: Nova Nano SEM600-FEI and FE-SEM Carl Zeiss AG-ULTRA 

55), Energy dispersive X-ray diffraction spectroscopy (EDAX, Nova Nano SEM 

600-FEI), Transmission electron microscopy (TEM, Model: Philips CM 200), 

Fourier transform infrared spectroscopy (FT-IR, Model: Bruker Alpha-T FT-IR 

Instruments), UV-Vis. spectroscopy (UV-Vis., Model: USB 4000, Ocean Optics) 

and photoconductivity method (I-V, Model: Kiethley Instruments Inc.2401). 

• Calculation of Crystalline size, Micro-Strain, Dislocation density and lattice 

constants of nanomaterials using XRD data. 

• Estimation of bandgap of nanomaterials using Tauc plot and Kubelka-Munk plot 

methods. 

• Preparation of Eosin-Y, Trypan Blue, SPADANS and Evans blue dye solutions at 

different concentrations. 



                     Synopsis  

 xi 

• Calculation of HOMO and LUMO of dye molecules using cyclic voltammetry. 

• Fabrication of dye sensitized nanoparticle films using doctor blade method. 

• Measurement of optical absorption of dye sensitized nanoparticle films using             

UV-Visible spectral data. 

• Measurement of conductivity of dye sensitized nanoparticle films using Kiethley 

source meter. 

Chapter-4 includes synthesis, characterization and properties of ZnO, Cr-ZnO, 

CuO, Zn-CuO, CdO, Ni-CdO, TiO2, Cr-TiO2, MgO and Zn-MgO nanoparticles. This 

chapter is sub-divided into chapter 4.1- 4.7.  

Chapter-4.1 pertains to the synthesis, characterization and properties of ZnO and 

Cr-ZnO semiconducting nanoparticles. The lattice constants and band gap of synthesized 

ZnO and Cr-ZnO nanoparticles were calculated. The crystallinity of the samples was 

analyzed by X-ray diffraction studies (XRD). The doping property was analyzed by 

EDAX and UV-Visible spectrum for undoped and doped samples.  

Chapter-4.2 deals with the characterization and properties of CuO and Zn-CuO 

nanoparticles by microwave combustion method. The surface morphology was studied by 

SEM and TEM techniques. EDAX confirms the presence of Zn in Zn-CuO lattice. 

Optical properties and photoresponse of these materials have been studied.  

Chapter-4.3 presents the synthesis and characterization of CdO and Ni-CdO 

semiconducting nanoparticles synthesized by microwave combustion method. The 

prepared nanoparticles were characterized by XRD, FESEM, EDAX, UV-Vis. and I-V 

techniques. Effect of dopant on the optical and electrical properties of synthesized 

samples was studied.  
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Chapter-4.4 focused on the characterization of semiconducting TiO2 and Cr-TiO2 

nanoparticles. The surface morphology was studied by FE-SEM and TEM. The optical 

and electrical properties synthesized TiO2 and Cr-TiO2 was studied using UV-Vis. 

spectroscopy and I-V characteristic studies.  

Chapter-4.5 pertains to the characterization and properties of MgO and Zn-MgO 

nanoparticle synthesized by microwave combustion route. The structural, optical and 

electrical properties of these materials have been studied.  

Chapter-4.6 describes the synthesis, characterization and results of synthesized 

ZnO nanoparticles using different solvents by microwave combustion route. The 

prepared ZnO nanoparticles were characterized by XRD, FE-SEM, UV-Vis. and I-V 

techniques. The effect of solvents on optical and electrical properties was studied.  

Chapter-4.7 illustrates the structural, optical and electrical properties of 

synthesized ZnO nanoparticles under different microwave power via microwave 

combustion route. The structural morphology and elemental composition of synthesized 

ZnO samples were analyzed by FE-SEM and EDAX.  

Chapter-5 focused on the study of optical and electrical characterization of                   

dye-sensitized Cr-ZnO, Zn-CuO, Ni-CdO, Cr-TiO2 and Zn-MgO nanoparticles. This 

chapter presents the selection of various dyes for sensitization of synthesized 

nanoparticles to enhance optical absorption band.  The dyes Trypan blue, SPADANS and 

Evans blue were selected and their respective LUMO and HOMO levels were studied 

through cyclic voltametry. The synthesized doped nanoparticles were coated with these 

dyes and subjected for optical absorption studies. The optical and electrical properties of 

dye sensitized Cr-ZnO, Zn-CuO, Ni-CdO, Cr-TiO2 and Zn-MgO were studied via            

UV-Vis. spectroscopy and I-V characteristic studies.  
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