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ABSTRACT 

In the present research work, pristine Ce02 and (1 -6)% transition metal (Zr) 

doped Ce0 2 nanoparticles were successfully synthesized by co-precipitation method 

and characterized with UV-Visible spectroscopy, X-Ray powder diffraction (XRD), 

and Fourier transform infrared spectroscopy (FT-IR). UV-Visible spectroscopy was 

performed to investigate optical properties. It indicated that with an increase in 

Zirconium percentage ranging from 1 to 5%, a red shift was observed and with further 

increase indopant percentage, a decrease in wavelength was observed. Tauc plots of 

the synthesized nanoparticles showed tuning in band gap ranging from 3.25 to 2.65 eV. 

XRD analysis showed that the average crystallite size decreases with increasing dopant 

percentage. FR-IR was done to study functional group detection which confirmed that 

the prepared samples were pure and showed vibration bands of required samples. The 

nanoparticles were then used for the fabrication of nanohybrid assembly. FT-IR and 

UV -Visible spectra nanomaterial confirmed the successful sensitization of 

nanoparticles with CA and AZ dye. Nanohybrid materials were used as a photo anode 

in dye-sensitized solar cells (DSSCs). CA and AZ dyes were used as photo sensitizers 

and P3HT used as a solid-state electrolyte to overcome drawbacks offered by liquid 

electrolyte. The nanohybrid materials showed a significant red shift towards the visible 

region with improved optical properties and better power conversion efficiency of 

DSSCs. 
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Chapter 1 Introduction 

1.1 Energy Crisis 

A nation's economy is reliant on its country's energy resources. We need energy 

to run electrical appliances in our homes, in factories and industries to manufacture 

various materials and other chemical products, in agriculture for mechanization, water 

pumping, and aggregation, and in almost every other area of ourlives. This energy is 

obtained by burning fossil fuels, and the world has been mainly dependent on them. 

Oil, natural gas, and coal are examples of fossil fuels. These non-renewable resources 

are formed from the remains of plants and animals over the course of hundreds of years 

underground. In addition to not being renewable, they significantly contribute to global 

warming and pollute our environment1. 

With the increasing population and modernization energy demands are 

increasing and world now needs to shift from non-renewable to inexhaustible energy 

resources for the production of electricity and fulfilling other energy demands the 

Figure 1.1 shows the non-renewable and renewable resources2
• 

ReneWcllble- Energy n-·renewalble Energr 

-------... 
Figure. 1.1. Renewable and non-renewable energy resources3. 

Existing energy demands can be enhanced by utilizing natural resources such as 

sun, wind, water, and biomass. Figure 1.1 shows the variety of renewable and non­

renewable resources. Sun is the ultimate source of energy. 



Solar cells convert solar energy into other useful form of energy such as 

electricity to run the electrical appliances. 

There are many varieties of devices working on the same principle but due to 

low efficiency and high cost they are not being widely used. Silicon is the most 

common semiconducting material having the high efficiency, but it is costly5. Solar 

cells combine to form solar panels, and many solar panels arranged in a proper way is 

termed as solar array. Solar energy converters are enlisted below which convert solar 

energy into useful form6. 

SOLAR I ~OOO TW 

WAVE I CU-Z,. 

• H'II*) 13-4 1W 

BIOMASS I 3-4 1W 

Figure. 1.2. Energy availability of different resources per year7
. 

1.2 Solar Energy Converters 

Solar energy converters are the technologies which are used to transform 

sunlight into other useful forms to fulfill growing population demands. It includes: 

.:. Photo voltaic Converters 

.:. Solar Thermal Converters 

.:. Photochemical Converters 

1.2.1 Photovoltaic Converters 

Photovoltaic converters work on the principle of Photoelectric effect in 

semiconductors to convert the light radiation into electrical energy. There are two 

necessary steps to carry out this process. 
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1. Solar cell should absorb incoming light radiations and then convert this into chemical 

energy. As light falls on the cell, the electrons absorb this energy and get excited. After 

excitation they jump into higher energy levels temporarily storing the chemical energy. 

These excited electrons serve as charge carriers. 

11. Solar cells should exhibit resistance to prevent the dropping of the carriers back into 

ground level. Thus, potential difference is developed which is responsible to drive the 

electrons into the external circuit. Hence, electrical work is done. 

Gap between valence band and conduction band is band gap. This gap is 

responsible for providing high energy levels to the excited electron for greater time 

than its relaxation time so the electrons can conduct electricity. 

1.2.2 Solar Thermal Converters 

These converters receive radiations and then convert this solar energy in the 

form of internal energy of the materials which results in increase in temperature of the 

cell. Due to this cell acts like a heat engine. For example, solar energy can be used to 

heat water and convert it into steam and then this steam can be used to drive the steam 

turbines and generate electricity8. 

1.2.3 Photochemical Energy Converters 

The major difference between photochemical energy converters and 

photovoltaic energy converters is the conversion of energy in the form of permanent 

increase in chemical potential in case of the photochemical energy converters. 

1.3 Semiconducting Materials 

Band gap of semiconducting material is oftwo types: 

i. Direct Band Gap 

The lowest energy state in the conduction band and the highest energy state 

in the valence band lies at the same value of momentum9. 

ii. Indirect Band Gap 

In indirect band gap, the highest energy of valence band and the lowest energy 

of conduction band does not occur at the same value of momentum and is illustrated in 

Figure 1.3. 
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(a) (b) 
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Figure. 1.3. Band gaps of semiconducting materials (a) direct band gap (b) indirect 

bandgap 10. 

1.4 Solar Cell 

A solar cell, also known as a photovoltaic (PV) cell, is a semiconductor device 

that converts sunlight into electricity through the photovoltaic effect. The direct 

conversion of solar energy into electricity is a clean and renewable energy source, 

commonly used in solar panels to harness the power of the sun for various applications, 

including residential and commercial electricity generation, as well as off-grid and 

remote power supply systems. Solar cells play a crucial role in the transition to 

sustainable and environmentally friendly energy sources, decreasing dependence on 

fossil fuels and justifying climate change. 

1.4.1 Working of a Photovoltaic Cell 

Solar cell work on the principle of photovoltaic effect which involves the direct 

conversion of solar energy into electricity on the absorption of light by a 

semiconducting material. These devices are typically constructed from semiconductor 

materials like silicon. When sunlight strikes the solar cell, it causes the movement of 

electron within the material. This movement of electrons creates an electric current, 

which can be harnessed and used as electricity. The key to the efficiency of solar cells 

lies in the p-n junction within the semiconductor, where one side is positively doped 

(p-type) and the other is negatively doped (n-type). This junction creates an electric 

field that drives the separated charge carriers (electrons and holes) towards opposite 

sides, thus generating a flow of electrons and creating electrical potential. By 

connecting an external circuit to the solar cell, the generated current can be captured 

and used to power electrical devices or stored in batteries for later use!!. 
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Figure 1.4. illustrates the generation of electric current from solar energy using a solar 

cell. 

Sun ight 

Electron 

H o le 
'Flo"" 

~ 4----- a-type Mali.rial 

p-n Junction 

p-"type MaterJai 

Figure. 1.4. Generation of charge carriers on the absorption of light by 

semiconductingmaterials 12. 

1.4.2 Organic Solar Cells 

When sunlight falls on surface of solar cell, electron hole pairs are generated. 

Then this electron hole pair splits up into free charge carries. This whole process take 

place at the donor acceptor interface or at the surface of photoactive material. After 

the separation of electron and hole from the pair, they move towards their 

corresponding electrodes and this type of separation of charge is usually carried out in 

organic solar cells. 

1.4.3 Inorganic Solar Cells 

Besides, when light hits the surface of inorganic solar cells, electron from lower 

states of energy gets excited to higher energy states that is conduction band, leaving a 

hole in the valence band increasing the population of electron in the conduction band 

which act as charge carriers. Inorganic solar cells work on this principle and produce 

useful energy (in form of photocurrent). 
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1.4.4 Charge Recombination 

The separated charge carriers are involved in the production of photo current but 

the process of excitation is also opposed by the process of recombination of charge 

carriers resulting in decreasing the numbers of free charge carries and hence less 

photo current. Process of recombination is of different types these are: 

I. Radiative Recombination 

As the names shows involves the emission of radiation accompanying the 

transfer of electron from conduction band back to the valance band and filling up the 

space created as a result of photo excitation. 

II. Auger Recombination 

It involves the inter transfer of energy between the charge carriers. Theelectron 

falling back to the valance band instead of giving off energy of absorption in form of 

photon transfer this energy to the other charge carries in the conduction band inform of 

kinetic energy \3 . 

III. Non-Radiative Recombination 

Because of presence of impurities and some crystal defects in lattice electrons 

instead of giving off photons in the process of recombination they emit the phonons 

also this process is accompanied with some lattice vibrations14. 

4 t 

~xcjted state • 4t 4t • 

E.g hv 
'V\.f\..J\f'-

. 0 

grou nd state 1 
0 0 0 

(a) (b) (rc) 

Figure. 1.5. Charge recombination (a) radiative recombination (b) non­

radiativerecombination (c) auger recombination \3. 
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1.5 Generations of Solar Cells 

Solar cells are classified into different generations these are: 

1.5.1 First Generation Solar Cells 

These are inorganic solar cells. These are the oldest type of solar cells, and it 

includes the mono crystalline silicon solar cells, polycrystalline silicon solar cells and 

amorphous silicon based solar cells they differ because of their fabrication. silicon and 

germanium are the efficient semiconducting materials for the solar cells but their high 

cost and in effectivity at the higher temperatures make them less attractive 

economically. 

1.5.2 Second Generation Solar Cells 

From first generation researchers had to move towards second generation where 

mainly organic material based solar cells were produced than that of inorganic material 

based first generation solar cells, because of the low cost and requirement of less 

temperature but they have less efficiency which made them less attractive. 

1.5.3 Third Generation Solar Cells 

This generation was fabricated for getting high efficiency and involving low­

cost materials for their fabrication. Our interest is on the dye-sensitized solar cells 

CDSSCs) from this generation. 

Figure. 1.6. Classification of photovoltaic devices. 
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1.6 Dye-Sensitized Solar Cells (DSSCs) 

Michael Gratzel and O'Regan invented the first dye-sensitized solar cell by the 

combination of electrodes made up of semiconducting material (nanoparticles) and 

dyes for increasing charge transfer with efficiency of 7% in 1991 1s .These cells are 

named as dye sensitized because they work in the presence of sunlight and uses a dye 

for capturing the light and enhancing the light absorption of the solar cells l6 . 

Their mechanism of generation and transportation of charge carries are the 

two important process that make them different form other solar cells. Working of dye 

sensitized solar cell is shown in the Figure 1.7. 

31- . 31 -

I - .-"'~ I -

Teo lass 
E~eotro yte 

J e 

TOO ~ S5 

Figure. 1.7. Schematic representation of nanocrystalline Dye-Sensitized Solar 
Cellsl7

. 

1.6.1 Working Pr inciple of DSSCs 

In DSSC, a transparent conducting oxide (lTOIFTO) act as working electrode 

on the surface ofthis mesoporous nanocrystalline Ti02 is deposited, on this a sensitizer 

that is a dye is chemically adsorbed to capture photons of light. By the useof 

mesoporous nanocrystalline semiconducting material surface area of the 

semiconductor is increased so the greater number of dye molecules get absorbed to its 

surface to capture more light and photons so increasing the efficiency of solar cells l8
. 
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Absorption of light is associated with the photoexcitation of the dye molecule 

and an electron is excited from HOMO to the LUMO of the dye molecule and then this 

electron the transferred from LUMO of the dye to the conduction band of 

semiconductor (conduction band of semiconductor should be at the lower energy than 

LUMO of the dye molecule) because of having porous semiconducting material the 

diffusion of electron to the conducting ITO substrate and hence to the electrode is made 

easy. Redox couple of the electrolyte helps to regenerate the dye by giving off the 

electron to the dye and itself gets oxidized the electron from working electrode after 

passing the external circuit comes to the counter electrode this electron is then accepted 

by the redox couple and the circuit is completed. 

The important points for the efficient working of DSSCs 

• Conducting glass substrate which is used for both the working and counter 

electrode, and which is responsible for the collection of electrons coming from 

photoanode and pass them to the counter electrode hence named as current 

collector, should be made of a transparent and low cost material having low 

electrical resistance. for example, FTO/ITO. A conducting glass substrate is used 

to enhance the light transmittance 1 9. 

• Lager surface area nanocrystalline semiconducting material should be used to 

increase the amount of dye adsorbed because in case of single layer of dye 

molecules on the semiconductor less efficiency of solar cells has observed. 

• Dye used should have high compatibility with semiconductor and should absorb in 

IR or visible region of solar spectrum and have good anchoring groups for strong 

chemisorption to the surface of semiconductor and effective electron transfer and 

most important thing is the dye stability in light and heat. And foremost it should 

be non-toxic and environment friendly. 

• Electrolyte being the important component of DSSC, influences all the efficiency 

determining parameters of DSSC for example V oc of the cell depends on redox 

potential of electrolyte, fill factor is affected by the diffusion rates of charge carriers 

in electrolyte. The stability ofthe cell is also dependent on the choice of electrolyte. 

So, selection of a compatible electrolyte is crucial. 

• Counter electrode reduces the oxidized specie of redox couple and hence facilitates 

the dye regeneration it is generally a platinum deposited FTO electrode. This act as 

a catalyst for reduction of triiodide ion on cathode2o. 
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1.6.2 Fabrication of Dye-Sensitized Solar Cell 

Following components are used for the fabrication of Dye-sensitized 

SolarCell as shown in Figure 1.8. these are: 

1. Nanostructured Material (photoanode) 

2. Organic sensitizers (dyes) 

3. Electrolyte (containing the redox couple) 

4. PEDOT: PSS (hole conducting polymer) 

5. Counter Electrode (usually platinum/aluminum) 

~ __ PEDOT_ :P55_--r--l1 I .... 
ITO . 

.... ITO PEDOT:P55 

ITO 

NPs+ Dye 

Figure. 1.8. Schematic representation of fabrication Dye-Sensitized Solar Cells. 

1.7 Photoanode Material 

Choice of semiconductor depends on the energy level compatibility between 

dyes and the semiconducting material. The choice is made based on: 

• Band edge of conduction band. 

• Effective electron transfers between dye and the semiconductor material. 

• Particle size and morphology of the semiconducting material. 

Conduction band of the semiconductor should lie below the LUMO of the dye 

for the effective electron transfer between them and for reducing the recombination 

chances of excited electron with the holes. Particle size and the morphology are the 

additional properties but are crucial because they dose effect the amount of dye 
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adsorbed on the surface of semiconducting material it has studied that in case of 

compact layer of semiconductor deposited on the conducting oxide surface, the surface 

area for the dye adsorption was less causing less number of photons toabsorbed and 

hence decreasing the cell efficiency while in the other case whenrnesoporous material 

was used, it had more surface area allowing greater numbers of dye molecule to get 

adsorbed and increasing the total numbers of photons to get absorbed and hence 

increasing the efficiency of device, for this metal oxide paste is made using some 

binders for example polyethylene glycol and then coated on the substrate by different 

techniques available for strong adhesion on the glass plate. 

For the removal of binder then these coated FTOIITO glass plates are then 

annealed at high temperatures for almost 30 minutes leading to the formation of porous 

metal oxide coated moreover their morphology effects the transport of charge carriers 

to the working electrode or conducting metal oxide. The material to be used as 

photoanode semiconductor should have a wide band gap, higher electron mobility, 

longer lifetime of charge carriers, higher flat band gap and high stability against photo 

corrosion, should be non-toxic, easily available and less costly, till date different oxide 

semiconductors are used which are the commonly employed semiconductors to set up 

porous anode. We can employ the other large band gap semiconducting material as 

photo anode in DSSCs for example the other transition metal oxide and check their 

efficiency in the cell and can also tune their properties such as structure, surface 

morphology, particle size and hence the related other properties like electrical 

conductivity, charge mobility and recombination chances by different process such as 

by doping with other metals, by making their composites with other metal oxides and 

so on21
. 

1.8 Dyes as Photosensitizers 

Dyes are the one of the most important components of dye sensitized solar cells 

and it helps to improve the efficiency of the cell which is the major target of the third 

generation solar cells22
. Dye sensitization in DSSCs is required to: 

• Improve the solar light absorption. 

• Increase the number of charge carriers generated. 

Different dyes have been employed for the sensitization of photoanode to 

broaden the light absorption spectra by the photo anode material they include: 
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• Metal Free Organic Dyes 

• Natural Dyes 

• Metal Organic Dyes 

Dye used in the dye sensitized solar cell for the sensitization of photoanode 

should have some features these crucial features make them able to be used in DSSCs 

are: 

.:. Better adsorption on the surface of photoanode for this it should have strongand 

large number of anchoring groups such as -COOH, -S03H etc . 

• :. It should cover a range of sunlight spectra that is, can absorb photons in large range 

of wavelengths or energy to increase the efficiency of the cell. 

.:. For easy electron transport LUMO of dye should be at higher energy level than 

that of conduction band of semiconductor. 

.:. HOMO of dye should be at lower energy level than redox potential of electrolyte. 

Dye should not get aggregated on the photo anode surface otherwise it will have 

negative effect on solar cell efficiency . 

• :. The last but foremost is the dye should be stable toward heat and light 

irradiation in the given set up. For this research work focus is on Carminic 

acid and Arsenazo III dye. 

1.8.1 Carminic Acid Dye 

Carminic acid is the red dyestuff which is commonly known as carmine or 

cochineal because it naturally resides in female cochineal. 15-20% carminic acid can 

be obtained from dried cochineal. Carminic acid is widely applicable in drinks, 

cosmetics, medicines, and foods. It is also being used in printing and dyeing of leather 

and wool. 

Carminic acid is organic chromophore having the functionalities of phenolate 

and carboxylate and hydroxyl which provides sides for the attachment of 

semiconductor nanopartic1es. Phenolate group behaves as electron donating group 

while carboxylate group act as main site for the anchoring of nanopartic1es. Carminic 

acid is found as a good sensitizer because it readily attaches to the surface of 

nanopartic1es by using its both carboxylate and hydroxyl anchoring groups. TheLUMO 

of carminic acid easily allow the directional flow of electrons into the conduction band 

of semiconducting nanopartic1es23 . 
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The molecular formula of carminic acid is C22H200J3 and structural formula is 

shown in Figure 1.9. The core of carminic acid consists of anthraquinone which is 

bonded to glucose unit structure. In 1990, carmine was first time prepared in laboratory 

by organic chemist. 

OH 0 

HO 
'~I OH 

:;O'.I0H 
o 

OH 

Figure. 1.9. Chemical structure ofCA dye24. 
1.8.1.1 IUPAC Name of Carminic Acid Dye 

OH 

o 

According to the International Union of Pure and Applied Chemistry, Carmine 

Acid is named as:3,5,6,8-tetrahydroxy-1-methyl-9,10-dioxo-7-[(2S,3R,4R,5S,6R)-

3,4,5-trihydroxy-6 (hydroxymethyl) oxan-2-yl]-9, 10-dihydroanthracene-2-carboxylic 

acid. 

1.8.1.2 General Properties of Carminic Acid Dye 

Some common properties of carminic acid dye are given below: 

.:. Molecular weight of carmine dye is 492.389 g/mol. 

.:. Carminic acid dye is red to dark red in colour . 

• :. It shows excellent stability in water, alcohol, ether, alkaline solution etc. but is 

insoluble in petroleum, benzene and chloroform . 

• :. It decomposes at 136.11 DC . 

• :. It is also used to impart red colour to different food additives and wool or 

leather. 

.:. It is also playing role in pharmaceuticals biochemistry and solar cells. 

1.8.2 Arsenazo III Dye 

Arsenazo III dye is anionic azo dye. The majority of all colorants at least 66% 
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are found in the azo dye category, which make up the largest chemical class. The 

inclusion of one or more azo groups in their structure, together with hydroxyl groups, 

amine, and substituted amine groups acting as auxochromes, is what makes them 

distinctive. They have a wide range of applications25
. 

S. B. Savin and V. 1. Kuznetsov were the first to create the synthetic anionic 

azo dye known as arsenazo. Arsenazo III is found as a good photosensitizer because it 

readily attaches to the surface of nanoparticles owing to containing large number of 

anchoring groups responsible for chemisorption to the surface of nanoparticles. 

Molecular formula of Arsenazo III is C22HlSAs2N4014S2, and structural formula 

is shown in the Figure 1.10. 

Figure. 1.10. Chemical structure of AZ dye26 . 

1.8.2.1 IUPAC Name of Arsenazo III Dye 

According to International Union of Pure and Applied Chemistry Arsenazo III 

dye is named as 2,2' -(1 ,8-dihydroxy-3,6-disulfonaphthylene-2, 7 -bisazo) 

bisbenzenearsonic acid. 

1.8.2.2 Gener al Properties of Arsenazo III Dye 

Some general properties of Arsenazo III dye are: 

.:. Molecular weight of Arsenazo III dye is 776.363 g/mol. 

.:. Arsenazo III dye is present in powder form and normally at neutral pH it forms 

blue coloured complexes . 

• :. It is soluble in water, ammonium hydroxide and alcohol. 
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.:. It is calcium sensitive dye, so a little amount of calcium is present as an impurity 

within it. 

.:. It is frequently used in complexometric and photochemical determination of 

metal ions particularly lanthanides. 

1.9 Electrolytes Containing Redox Couple 

Electrolyte is a major component of DSSCs which is responsible for the 

regeneration of the dye and hence has major influence on the effectiveness of the cell. 

At the counter electrode redox couple should readily accept the electron while should 

barely accept the electron from working electrode. Electrolyte to be used in dye 

sensitized solar cells should possess some important characteristics which are: 

.:. It ought to be reversible and chemically stable . 

• :. For the quick diffusion of charge carriers, it should be viscous . 

• :. It shouldn't cause the semiconductor material that is bonded to the FTO plate to 

disperse or the dye to desorb . 

• :. It should readily accept the electron from counter electrode but not fromworking 

electrode. 

The iodide/tri-iodide redox pair is the most prevalent, stable, and highly 

effective redox mediator. This redox mediator is promising since dye molecules 

regenerate quickly. With its low viscosity, insignificant vapour pressure, optimal 

boiling temperature, and dielectric characteristics, it is discovered to be the perfect 

electrolyte. Additionally, it possesses significant qualities including chemical inertness, 

environmental sustainability, and simplicity of processing. Iodide triiodideis the best 

electrolyte and shows the maximum efficiency because iodide ions are readily 

regenerated at the counter electrode while 13- hardly accepts the electron from 

semiconductor, reduction oftriiodide ion at the counter electrode take place as: 

1.9.1 Oxidation and Reduction Reactions in Redox CoupleAt Anode 

Dye + Light 

(photons) 
Dye*(dye excitation) 

Dye+ + electron injection to Ti02 

15 

(1.1 ) 

(1.2) 

(1.3) 



2 Dye+ + 31 2 Dye + If( dye regeneration) (1.4) 

At Cathode 

31 

Iodide ions has serious issue regarding its volatility and Iodide/tri-iodide redox 

couple also has a negative side in that it can easily corrode substrates like silver and 

copper metal joints when employed as current collectors, and it can also decrease 

photo voltage due to its redox potential. When the dye is exposed to radiation, it also 

absorbs some photons and some visible light. So the investigation shifts to looking at 

some other iodide/tri-iodide mediator substitutes27
. 

1.9.2 Disadvantages of Liquid Electrolytes 

Liquid electrolytes can be used as electrolyte in DSSCs, but they have 

certaindisadvantages which make them unfit to be used in solar cell these are: 

.:. Leakage and volatilization are the main problems that arise due to the use ofliquid 

electrolyte . 

• :. They can cause dye desorption as well as photodegradation . 

• :. They also control the lifetime ofDSSCs by corroding the counter electrode. 

To overcome this problem liquid electrolyte are being replaced by solid or quasi­

solid electrolytes. The electrolytes are best for the development of Solid State Dye 

Sensitized Solar Cells (SSDSSCs) due to their excellent dealing capabilities28
. 

1.9.3 Poly-3-hexylthiophene(P3HT) As Solid State Electrolyte 

It is a p-type organic semiconducting polymer which is used in DSSCs. P3HT 

or poly-3-hexylthiophene belongs to poly thiophene class. These are the polymers 

consisting of thiophene as a monomer. Thiophene is heterocyclic aromatic compound 

with sulfur as a heteroatom. 

In solid state DSSCs, P3HT behaves as a good electrolyte as well as a hole 

conducting material. When it is doped with organic acids or halogens, it generates 

charge units which act as conductor or hole carrier9. 

P3HT shows maximum absorption at about 540-550 nm in organic solvents. 

Absorption spectrum of P3HT shows a bathochromic or hypochromic shift due to the 

length of conjugated system, when the length of conjugated system increases, the 
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absorption peaks shift towards the higher wavelength or show bathochromic shift 

which results in decrease in bandgap energy. Similarly, if the length of conjugated 

system lessens then peaks show hypochromic or blue shift which increases the band 

gap energy. 

In solid state DSSCs, P3HT plays the same role as performed by liquid 

electrolyte3o. 

P3HT plays two significant functions in DSSCs which are given below: 

.:. Holes generated in dye molecules are accepted by P3HT and carried out toward 

counter electrode. 

1.10 Counter Electrode 

Counter electrode is a crucial component for the fabrication of dye sensitized 

solar cells there are different functions performed by the counter electrode which 

includes: 

.:. The oxidized redox pair is reduced at the surface of the counter electrode by 

receiving electrons, which is one of the three crucial tasks of the counter electrode 

as a potential catalyst. 

.:. It transports electrons from the outer circuit into the electrolyte solution of the 

inner cell. Thus, the counter electrode's primary function is to transmit electrons 

from the load to the cell for circulation . 

• :. To maximize the use of sunlight, the counter electrode serves as a mirror and 

reflects any light that is not absorbed to the photoanode. 

To perform these functions effectively counter electrode should possess some 

characteristics which are3 ! : 

.:. The counter electrode should have high catalytic activity . 

• :. It should have high conductivity and reflectivity . 

• :. It should have a high surface area with porous nature . 

• :. chemical corrosion resistance . 

• :. high chemical and mechanical stability . 

• :. Its energy level should be compatible with potential of redox electrolyte . 

• :. It should show good adhesiveness toward transparent conducting oxide substrate in 

order to fulfill these fundamental functions . 
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In standard cells, platinum paste serves as the counter electrode material to 

complete the redox reaction. Carbon, graphite, and conductive polymers are employed 

as counter electrode materials in addition to platinum32. 

Platinum is still the best option for catalysts due to its simple iodide/tri-iodide 

redox kinetics. Counter electrodes are created using a variety of processes, including 

electro deposition, chemical vapor deposition, hydrothermal deposition, and sputtering. 

1.11 PEDOT: PSS 

The translucent poly (3,4-ethylenedioxythiphene) polystyrene sulfonate 

performs as a conducting polymer. It involves two ionomers in which first isomer is 

sulfonated polystyrene which possess negative charge after the removal of proton from 

sulfonate group and the second ionomer is the positive charge carrying PEDOT 

[poly(3 ,4-ethylenedioxythiophene )]33. 

These two oppositely charged lOnomers are responsible for producing a 

macromolecular salt. PEDOT: PSS shows the conductivity of approximately 1000 

S/cm which can be improved by treating it with various compounds like acids,germinal 

diols, phenol and glycol. Thin layer ofPEDOT: PSS is coated over the conducting ITO 

glass which enhances its stability as well as makes it smooth by stopping the diffusion 

of oxygen and indium through the anode. 

PEDOT: PSS is used for: 

.:. It is applicable as a transparent highly ductile and conductive polymer . 

• :. It works as an electrolyte in polymer electrolytic capacitors . 

• :. It is utilized as an antistatic agent in films and photography. 

1.12 Nanotechnology and Nanoscience in DSSCs 

Nanotechnology is advance and modern field of science and technology in 

which at least one dimension of particle should be in nanometer scale. Those materials 

having particle size ranging from 1-100 nm are called nanomaterials. This technology 

is getting importance in all the fields including physics, chemistry, and engineering. In 

the last decades, many advancements have been carried in this field by the synthesis of 

different nanotubes, nanobelts, nanoparticles and nanowires34
. 

The efficiency of solar cell depends on the dye which is capturing the incoming 

photon. So, the dye is adsorbed on the photo anode, if photo anode is the nanomaterial 
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it will provide more surface area for the attachment of dye rather thanthe bulk 

photoanode. Hence, nanotechnology plays an important role in DSSCs. 

These nanoparticles provide large surface area, so they are best to make photo anode 

being used in DSSCs. In nanocrystalline film-based electrodes, charge transfer is 

hundreds of times slower than electrodes made of nanowires35. Oxide aggregates are 

also used as nanomaterials in dye sensitized solar cells36. These aggregates are prepared 

by clustering of nanoparticles and ranges in size of microns37. 

Nanomaterials are of four types depending on their structure and sizes. These 

types are given below: 

1 Nanoparticles provide large surface area for the adsorption of dye with 

photoanode but also increases chances of renominations of charge carriers. 

2 Nanowires and nanotubes are responsible to provide straight direction for charge 

carriers transportation but have smaller surface area for the dye adsorption at the 

anode. 

3 Core-shell structures, although they are less stable and least effective, but they 

reduce the chances of charge carrier recombination. 

4 Aggregates of oxides provide large surface area as well as also scatters the 

visible light of solar spectrum. 

1.12.1 Synthesis of Nanostructured Material 

There are two ways for the synthesis of Nanostructured materials38. By using 

these methods, nanostructures of definite shape, crystalline size and structures can be 

made. These methods are given below: 

1.12.1.1 Top-Down Method of Synthesis of N anomaterial 

In this method, size of bulk material is reduced up to range of size of the 

nanomaterial to change bulk into nanoparticles. Some top-down approaches for 

nanomaterial synthesis include: 

• Spray of Aeroso139 

• Electron Beam Lithography40 

• Mechanical Milling4! 

• Atomic Force Microscopy42 

• Condensation of Gas Phase43 
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• Etching 

• Sputtering44 
Nanostructured materials synthesized by these methods may have some 

crystallographic defects and non-smooth surface due to Prescence of impurities which 

reduces the electrical conductivities. 

1.12.1.2 Bottom-Up Method of the Synthesis of Nanomaterial 

In this method, nanomaterials are synthesized by joining one atom with other 

to form molecules or clusters. Compared to top-down approach this is more attractive 

method for nanoparticles synthesis because size and the other properties of 

nanomaterials are more controllable in this case of synthesis. 

Some bottom-up methods for the synthesis of nanomaterials include: 

• Sol-gel Method45 

• Vapor-Phase Deposition Approach46 

• Hydrothermal Synthesis Method47 

• Wet chemical Synthesis48 

• Laser Pyrolysis 

• Chemical reduction49 

There are less chances of crystal and structure defects of nanomaterial in 

thisapproach of synthesis. 
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Figure. 1.11. Method for the synthesis ofnanostructure material50. 

1.13 Characterization Techniques 
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Characterization of the nanomaterials was done by using different instruments. 

The working principles of these device are given below: 

1.13.1 UV -Visible Spectroscopy 

UV -Visible spectroscopy is a characterization technique used to determine the 

optical properties of the nanostructured materials. The double beam spectrophotometer 

is used for this purpose. It consists of light source, sample holder, detector, and a 

monochromatic. 

UV -Visible is carried in the range of 200-800 nm in which UV region ranges 

from 200-400 mm while the visible region extends from 400-750 nm. Sample holders 

are made of quartz having 1 cm thickness and reference is set according to the solvent 

selected for the preparation of the sample to run in double beam spectrophotometer. 

Shimadzu UV - 1800 spectrophotometer was used in this research work. 

TumgsteJil 
Lamp 

102 lamp 

Figure. 1.12. Schematic representation ofUV -Visible spectrophotometer51 . 

1.13.2 X-Ray Diffraction Crystallography (XRD) 

XRD works on the principle of Bragg's law (n=2dsin8). It involves three 

components, X-Rays, tube detector and sample holder, for its operation. Electrons from 

the heated filament are subjected on the sample. These accelerated electrons knock out 

the inner electrons from the sample and hole is generated. This hole is occupied by the 

electrons jumping from the higher energy level into lower energy level followed by the 

emission of the rays known as X-rays. When these x-rays pass through the sample 

detector detects these radiations and are processed by the computer. 
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Figure. 1.13. Schematic representation ofXRD analysis52
. 

XRD is used to determine: 
• Average crystallite size 

• Crystallographic orientation 

• Impurities in material 

• Phase of crystallite size 

Powdered sample is used for XRD analysis, and O.OS/min scan rate is applied 

to record the pattern in the range of angle from 200 -800
• X'Pert PRO PANalytical X­

ray Diffractometer was used to calculate average crystallite size. Debye Scherrer 

Equation is used to determine the average crystallite size. This equation is: 

D= IOJpcosO (l.S) 
1.13.3 Fourier Transform Infrared Radiations (FT -IR) Spectroscopic Analysis 

FT-IR is used to identify the compounds, impurities in sample as well as it alsomeasures 

the vibrational frequencies of the bonds in the given molecules. It works in the IR 

region so different functional groups show peaks in different regions corresponding to 

their bending and stretching modes. FT -IR spectrum is a graph between the 

transmittance and wavenumber along y-axis and x-axis respectively.Nanoparticles and 
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their nanostructured materials show peak in the range of 400-1 000 em-I, 

rr t 

-o~ 
/ 1 

Figure. 1.14. Schematic Representation ofFT-IR Spectrophotometer53 
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Pure semiconducting materials and their nanostructured materials were 

characterized by FT-IR. Their spectrums showed peaks in given range which ensured 

their synthesis. The FTIR of dye before and after the grafting was also performed by 

F -5 10 FT -IR Spectrometer. 

1.14 Literature Review 

As energy is the key component for life so by increasing population and technology 

demand of energy is also increasing which results in the depletion of non-renewable 

resources i.e, fossil fuel , coal, natural gas etc. According to an estimate the reservoirs 

of oil throughout the world would last for 40 years while for natural gas and coal would 

remain for 60 years and 200 years respectively. This energy crisis urges researchers to 

replace the non-renewable resources by cheap and abundant renewable resources to 

fulfill basic energy demands. The Sun is the abundant, non-stop, reliable, and 

continuous supplier of energy thus the perception forenergy conversion was introduced 

by photovoltaic effect. Initially silicon based solar cells or conventional solar cells were 

used but due to high cost nowadays dye sensitized solar cells are more efficient because 

they are easy to fabricate at ambient temperature, on flexible substrates, show 

compatibility with roll-to-roll processing" and are made of inexpensive nanomaterials, 

nanorods or thin films with 11 -13% efficiency". Different metal oxides (Ti02. Pb02, 

ZnO, Ga203, Sn02, I1l203, CdO) were used in DSSCs due to their unique optical, 

morphological or electrical properties,,54. Cerium oxide (Ce02) is an-type 

semiconductor having excellent optical and electrical properties, highly chemically 

stable, having tunable high band gap energy ofE-3.2 eV, rapid production of charge 

carriers in the presence of sunlight, have high extinction coefficients and various 

stable morphological forms55. As band gap of cerium oxide is high it results in very 

few oxidative holes in UV region of light, inthe valence band (V.B) of cerium oxide 

which is responsible for the long- term stability of Ce02 based dye sensitized solar 

cells. Moreover, Ce02 show higher electron mobility rather than Ti02 (0.1 -1 cm V's. 

Due to its unique properties, it is applicable in optoelectronic devices 56 as photoanode 

in DSSC, as gas sensor or as anodic material in lithium-ion batteries. Cerium oxide 

nanoparticles have been synthesized by various methods which involves thermal 

evaporation, laser ablation method, calcination process, co-precipitation methods, 

chemical vapor deposition (CVD)57, hydrothermal,, 58, and carbothermal reduction 

methods. Ce02 nanoparticles are being widely used in DSSCs as photo anodes but 
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show low photo conversion efficiency than cornmon choices like Ti02 because of its 

some intrinsic limitations as lower conduction band (C.B) energy as well as isoelectric 

point. 

As the conduction band energy is low so chances of charge recombination 

increase, which also lowers the open circuit voltage (Voc), major parameter of concern. 

The conduction band edge of Ce02 is 0.3- 0.5 V lower than the Ti02 which results in 

lower open circuit voltage Voc and efficiency. Thus, to revive Ce02 to get better results 

different strategies have been used i.e., core-shell nanostructured materials,59 Nano 

composites formation or doping57 etc. to increase the fermi energy level, enhance the 

chances to uptake the dyeand lessen the charge recombination. By these improvements 

in Ce02, Ce02 based dye sensitized solar cells employed high efficiency as Ti02 based 

solar cells. Efficiency of Ce02 has been enhanced by doping as well as composite 

formation in different ratios. In this research work, doping of nanoparticles is carried 

out to overcome the drawbacks of Ce02. Zr has been selected for doping purpose 

because it has seen that by doping with transition metal like zirconium modifies the 

electrical and optical properties of the cerium oxide and enhances its efficiency to be 

used as photo anode in dye sensitized solar cell. 
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Chapter 2 MATERIALS AND METHODS 

2.1 Chemicals 

For the synthesis of pure and doped Ce02 nanopartic1es the following chemicals 

were used that are listed in Table 2. 1 along with their chemical formulas, molar masses, 

percentage purities, densities and supplier names. 

Table 2.1: List of chemicals and dyes used for the synthesis of pure and doped Ce02 

NPs. 

Sr. 
Molar 

Name of Chemical mass Density Percentage 
3 Supplier No. compound formula (g/mol) (g/cm ) Purity 

Cerium-nitrate Ce(N03)3 . 6H20 
Sigma 

1 
hexahydrate 

434.22 1.67 99% !Aldrich 

2 
Sodium 

NaOH 40.0 2.13 99% 
Sigma 

Ihydroxide Aldrich 

3 Salicy licAcid ~OC6H4COOH 138.12 1.44 99% Sigma 
Aldrich 

4 Zirconyl ZrOCb 178.13 1.91 99% Sigma 
Chloride V\ldrich 

5 ArsenazoIII C22H'8As2N40'4S2 776.36 0.85 98% Sigma 
V\ldrich 

6 CarminicAcid C22H20O'3 ~92.38 1.90 99% Sigma 
Aldrich 

2.2 Synthesis 
2.2.1 Synthesis of Pristine Cerium Oxide NPs 

For the synthesis of pure cerium oxide nanopartic1es, co-precipitation method was 

used. In a two neck round bottom flask, 1.0 g of Ce(N03)3 . 6H20 was dissolved in 

25mL of deionized water. NaOH solution was prepared by dissolving 1.2 g of NaOH 

in 100 mL of deionized water under constant stirring till sodium hydroxide was 

dissolved. 1 g of salicylic acid solution was formed in 20 of deionized water and then 
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it was added into the main solution. Dropwise added NaOH solution into the Ce(N03)3. 

6H20 + salicylic acid solution with continuous stirring till Ph reaches 12 and yellowish­

brown color precipitates begin to form gradually, and the solution becomes yellowish 

brown in color. This solution was stirred at 70°C for 24 hours under constant magnetic 

stirring at moderate speed. Obtained precipitates were filtered and then washed with 

deionized water and methanol several times. Dried the sample in oven at 70 °C for 12 

hours. The sample was grinded and calcined at 500°C for 3 hours. Yellowish white 

colored Ce02 nanoparticles were obtained. 

Added to 0.1 M 
Cc(N~)3·6H20 

CllIcination 

500"C 

CeOzlolPs 

Drop"isc addition 
ofNaOH 

70 ·C 

'(I.3M 
NaOH 

Heated at 
70°C for 
24.hours 

Figure. 2.1. Flow sheet diagram for synthesis of Ce02 NPs. 

2.2.2 Synthesis of Zirconium Doped Cerium Oxide NPs 

For the synthesis of zirconium doped cerium oxide nanoparticles, first of all 

added weight (1 -6)% of zirconyl chloride in deionized water and stirrer to get a 

homogenous solution. After that solution g of cerium nitrate hexahydrate was added 

in it. 0.3 M sodium hydroxide solution was added into it dropwise till pH reaches 12. 

Repeated the same process that is written above. It resulted in the formation of (1-6)% 

composition of zirconium doped cerium oxide nanoparticles of different percentages. 
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Figur e. 2.2. Flow Sheet Diagram for Synthesis of Zr Doped Ce02 NPs. 

Sensitization ofNanopartic1es with dye solution 

The surface of cerium oxide and zirconium doped cerium oxide nanoparticles 

were photosensitized using carminic acid dye and arsenazo III dye solutions separately. 

Carminic acidand arsenazo III dyes Were found to be soluble in deionized water. 

Solutions of different concentrations of both the dyes were made separately for the 

purpose of photosensitization of nanoparticles. 

2.2.3 Grafting of Carminic Acid Dye on Nanoparticles 

Grafting is a chemisorption phenomenon which was carried out by the 

sensitization of nanoparticles with carminic acid. It involved following steps: 

• In the first step, solution of Img of nanostructured material in 3ml of deionized 

water as a solvent was prepared. The solution was sonicated for 30 minutes to make 

a homogeneous solution. 

• Different concentrations of carminic acid dye are prepared in deionized water. 3 

mL of any of the prepared solution was added into the prepared solution of 

nanostructured material. 

• After adding the dye solution, the solution was placed on hot plate for stirring under 

dark conditions to allow the carminic acid dye molecules to completely deposit on 

the surface ofthe nanostructured materials. 

• Similarly, grafting was performed for all the dilutions of dye one by one in dark. 
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2.2.4 Grafting of Arsenazo III Dye on Nanoparticles 

Sensitization of nanoparticles with the arsenazo III dye involved the following steps: 

• In the first step, a solution of lmg of nanoparticles in 3ml of deionized water is 

prepared, the solution was then sonicated to make it homogeneous. 

• Different concentrations of arsenazo III dye were prepared in deionized water. 

3ml of any of the prepared solution was added into prepared solution of 

nanoparticles. 

• After adding the dye solution, the solution was placed on the hot plate for stirring 

under dark conditions to allow the arsenazo III dye to completely get grafted on the 

surface of nanoparticles. 

Similarly, grafting was performed for other dilutions of dye one by one in dark. 
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Figure. 2.3. Nanohybrid assembly ofnanostructured material and dye. 
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Chapter 3 Results and Discussions 

As discussed in the experimental section, nanoparticles were synthesized by co­

precipitation method. In this chapter several techniques were employed for their optical 

and morphological characterizations. 

3.1 Optical and Morphological Characterization of Nanostructured Materials 

Optical and morphological properties of nanoparticles and their nanostructured 

materials were analyzed through various characterization techniques which include: 

• UV -Visible Spectroscopy 

• X-Ray Diffraction Analysis 

• Fourier Transform Infrared (FT-IR) Spectroscopy 

3.1.1 UV -Visible Spectroscopy 

UV -Visible spectrophotometer was used to perform UV -Visible spectroscopy 

of nanomaterials. It was used to determine the optical properties of nanoparticles. The 

UV -Visible spectroscopic analysis was done in the wavelength range of 2 00 to 

750nm. The samples were prepared by using deionized water as a solvent. Absorption 

spectrum data helped in the estimation of band gaps of samples by using tauc plots. 

The material's optical band gap energy can be obtained by extrapolating the linear 

portion of the absorption curve. 

3.1.1.1 Optical Properties of Pure and Zr- Ce02 Nanoparticles 

The UV -Visible absorption spectrum of Ce02 nanoparticles is shown in Figure 

3.1. The spectrum showed the absorption peak at 304 nm. 
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Figure.3.1. UV -Visible spectrum of Ce02 NPs. 

The band gap energy of pure Ce02 calculated by Tauc' s plot method comes 

outto be 3.25 e V and it is shown in Figure 3.2. 
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Figure. 3.2. Tauc plot of Ce02 NPs. 

4.S 

The absorption spectra of pure and (1-6)% Zr-doped Ce02 nanoparticles is 

shown in Fig. 3.3. Pure and Zr-doped Ce02 nanoparticles possess strong absorption 

peaks in the range of (292-339) nm. 1% zirconium doped Ce02 NPs shows the 

maximum absorption peak at 314 nm and the band gap is at 3.08 e V. 
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Figure. 3.3. UV -Visible spectra of pure and Zr(1-6)% doped Ce02nanoparticles. 
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Figure. 3.4. Tauc plots of (a) 1 % Zr-Ce02 (b) 2% Zr-Ce02 (c) 3% Zr-Ce02 (d) 
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Figure. 3.5. Tauc plots (a) 5% Zr-Ce02 (b) 6% Zr-Ce02. 
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Figure 3.4. shows the tauc plots of pure and doped nanoparticles which 

confirmed a slight red shift in the absorption peaks that cause narrowing of energy band 

gap. The maximum absorption peaks for the 2% and 3% Zr-Ce02 were at 319 run, 322 

nm respectively and band gap values for these samples were at 2.89 eV to 

2.82 eV respectively, tauc plots for 2% and 3% Zr-Ce02 are shown in Figure 3.4 (b) 

and 3.4 (c) respectively. This shows an increase in wavelength which resulted in the 

decrease in the band gap energy known as red shift. Similarly, the maximum absorption 

peaks for 4% and 5% Zr-Ce02 were at 330 nm and 339 nm respectively while the band 

gaps of the samples calculated from the tauc plots are 2.70 e V and 

2.65 eV. the tauc plots of 4% and 5% Zr-Ce02 are shown in Figure 3.3 (d) and 3.4 (a). 

This occurs due to new energy levels created by Zr due to charge transfer between 

dopant and material, so the band gap falls. Illustrated according to this relation. 

E = he/A (3.1) 

The absorption spectra for the 6% Zr-Ce02 NPs shows maximum absorption 

peak at 298 nm. It shows a reduction in wavelength which indicates blue shift or 

bathochromic shift and as a result there is an increase in band gap energy that is 3.41 

eV. This occurs due to quantum size confinement that decreases the particle size and 

as a result deformation of the Ce02 lattice structure takes place. This is also explained 

by the Burstein Moss effect according to which after a certain concentration of dopant, 

all the fermi levels in conduction band were occupied so excited electronmove to 

the conduction band above the fermi levels and as a result there is an increase in band 

gap. The values of maximum absorption peaks and their respective band gaps of the 

zirconium doped Ce02 NPs are given in Table 3.1. 
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Table 3.1: Maximum absorption peaks and respective band gaps of the zirconium doped 
Ce02 

Sr. Maximum Absorption Peak Band gap 
Sample 

No. (nm) (eV) 

1 Ce02 304 3.25 

2 1% Zr- Ce02 314 3.08 

3 2% Zr- Ce02 319 2.89 

4 3% Zr- Ce02 322 2.82 

5 4% Zr- Ce02 330 2.70 

6 5% Zr- Ce02 339 2.65 

7 6% Zr- Ce02 292 3.41 

3.1.2 X-Ray Diffraction (XRD) 

The XRD pattern of pure Ce02 nanoparticles is shown in the Figure 3.3. The 

crystallographic planes (111), (200), (220), (311), (222) and (400) corresponds to the 

detected diffraction peaks at 28 values of 28 .61 °, 33.14°, 47.55°, 56.47°, 59.04°, and 

69.45°, respectively. The diffraction peaks confirm the formation of Ce02 singlephase. 

The sharp and broad peaks of the Ce02 were may be a result of the crystalline structure 

of pristine Ce02 shown in Fig 3.5. The peaks satisfactorily met the Joint Committee on 

Powder Diffraction Standards (JCPDS) requirements (Reference file no. 34-0394) 
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Figure. 3.6. XRD pattern of pure Ce02 NPs. 

The Debye Scherrer equation is used to calculate the average crystallite size 

ofthe nanomaterials. This equation is: 

D = IO.. / IJCos9(3.2) 
Here, 

D= Average crystallite size 

K= Dimension shape factor=0.9 

A, = X-ray wavelength = 0.154 nm 

~= FWMH (Full Width at Half Maximum) 9= Bragg s angle 

The average crystallite size of Ce02 nanoparticies calculated by this equation comes 

out to be 11 nm. XRD patterns of pristine Ce02 and Zr doped Ce02 NPs as shown in 

Figure 3.5. No impurity peaks or zirconium related phases were found after zirconium 

doping of Ce02 NPs. 
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Figure. 3.7. XRD patterns ofZr(1-5)% doped Ce02. 

Additionally, it was observed that when the concentration of zirconium rises, 

the most intense peak gradually widened and shifted to a higher angle. According to 

Bragg's equation, 

nJ. = 2dsinO (3.3) 

This equation shows the inverse relation between d-spacing (d) and diffractionangle 

(9). Widening of peaks and shifting towards higher 29 values is because of decrease 

in d-spacing between planes. This occurs due to difference in ionic radius of Zr and Ce 

ions. As the ionic radius of Zr is less than Ce, so it causes a decrease in d- spacing 

which will shift the peak values to a higher angel. 

37 



Table 3.2: Average crystallite size of pure Ce02 and Zr doped Ce02. 

3.1.3 Fourier transform infrared spectroscopy (FT -IR) 

FT-IR spectroscopy was carried out in the range of 400 cm-I to 4000 cm-I . It 

S.No. Samples Crystallite size(nm) 

1 Ce02 11.5 

2 1% Zr- Ce02 10.0 

3 2% Zr- Ce02 9.2 

4 3%Zr- Ce02 8.5 

5 4% Zr- Ce02 7.6 

6 5% Zr- Ce02 7.1 

ensured the synthesis of nanostructured material by showing characteristics peaks of 

the material. FT-IR spectrum of pure Ce02 nanopartic1es is shown below. In FT-IR 

spectrum a strong peak appears at 3200 to 3500 cm- I which is due to stretching of 

hydroxy I group of water absorbed on the surface of synthesized nanopartic1es. The peak 

at 2359 cm- I is due to the vibrations of atmospheric C02. The peak at 1530 cm- I 

corresponds to bending vibrations of O-H bond, metal oxide bonds in FT-IR spectra 

appear in the range of 400-900 cm- I and while the characteristic peak ofCe-Oappeared 

at 468 cm- I . 
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Figure. 3.8. FT-IR spectrum of pure Ce02. 

FT-IR spectra of doped materials is also shown below, in this spectrum the 

zirconium doped ceria nanoparticles did not show any extra peaks because as 

wavenumber at which bond vibrates is inversely related to the reduced mass of the 

bonded atoms, so if the vibration of bond involving zirconium atom might be towards 

the lower wavenumber number and not clearly observable in the spectra. while if we 

compare the spectrum of doped material with that of pure ceria nanoparticles, all other 

peaks are the same. 
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Figure. 3.9. FT-IR spectra of zirconium doped ceria nanoparticles. 
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3.2 UV-Visible Spectroscopy of Pure Dyes 

3.2.1 UV -Visible Spectrum of Carminic Acid 

In this research work carminic acid and arsenazo III dye was used as a 

photosensitizer which is essential component in DSSCs. UV -Visible spectroscopy of 

dye solution prepared in water as a solvent was performed. 

In UV -Visible spectrum of the dye carminic acid a broad peak was observed in 

the range of 450-580 nm while a sharp peak was observed at 272 nm. The broad peak 

in the spectrum was due to the n-1[* transitions while the sharp peak appeared due to 

the 1[- 1[* transitions. The UV -Visible spectrum of the carminic acid dye is shown in 

the Figure 3.8. 
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Figure. 3.10. UV -Visible spectrum of CA dye. 

3.2.2 UV -Visible Spectrum of Arsenazo III dye 

In UV -Visible spectrum of arsenazo III dye two major peaks were observed 

one at 534 nm and the other at 312 nm. The peak at 534 nm is because ofn-1[*transitions 

while the other at 312 nm corresponds to 1[- 1[* transitions. The UV -Visible spectrum 

of arsenazo III is shown below in Figure 3.9. 
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Figure. 3.11. UV -Visible spectrum of AZ dye. 

3.3 Optical Properties of Carminic Acid Dye Sensitized Nanoparticies 

Nanohybrid assemblies were successfully synthesized by the chemisorption of 

carminic acid dye on the surface of nanoparticles. 1 mM solution of dye was prepared 

in deionized water and was used as a stock solution. This solution was then used to 

make different dilutions of dye solution with various concentrations ranging from 25-

70 mM. Then concentration of dye was optimized and then that dye solution was then 

used for chemisorption of dye on the surface of nanoparticles and then UV -Visible 

spectroscopy was performed to confirm the synthesis of nanohybrid assembly. 

These UV -Visible spectra were then compared with UV -Visible spectrum of 

pure dye and UV -Visible spectrum of nanomaterial. Grafting of pure and different 

percentages of zirconium doped ceria nanoparticles with carminic acid dye are shown 

below. The spectrum in black is for the dye while the other one in red is for the 

nanoparticles. 

Carminic acid dye works efficiently in DSSCs because of its wide absorption 

in ultraviolet and visible region. From the results of UV -Visible spectroscopy it is 

confirmed that nanohybrid materials were synthesized successfully, there is a wide shift 

in UV -Visible plot compared to the pure dye in visible region the shift in the broad 

band of dye in nanohybrid assembly is in the ranges from 492 -560 nm. 
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Figure. 3.12. UV -Visible spectra of CA dye grafted with (a) Ce02 (b) 1 % Zr-Ce02 
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3.4 Optical Study of Arsenazo III Dye Sensitized Nanoparticles (Nanohybrid 

Materials) 

Nanohybrid assemblies were synthesized successfully by the chemisorption of 

arsenazo III dye on the surface of pure and doped ceria nanoparticles .1 mM solution 

of dye was prepared which was then used as a stock solution to prepare the dye 

solutions of different concentrations ranging from 25-75 mM The concentration of dye 

solution was then optimized in this case the optimized concentration of the dye used 

was 50 mM and then it was used for the chemisorption of arsenazo III dye on the 

surface of pure and doped ceria nanoparticles. The UV -Visible spectroscopy was then 

carried out to confirm the successful synthesis of nanohybrid assemblies. The UV­

Visible spectra of nanohybrid assemblies for arsenazo III sensitized Ce02 and 

zirconium doped Ce02 nanoparticles, these spectra include the UV -Visible spectrum 

of pure arsenazo III dye, UV -Visible spectrum of nanoparticles and the UV -Visible 

spectrum of grafted nanoparticles. By comparing the spectrum of pure and grafted 

material it is clearly seen that nanohybrid assemblies are successfully synthesized. A 

significant change in the UV -Visible spectrum of grafted sample was observed. A 

prominent red shift was observed on overlapping the absorption spectrum of grafted 

samples with the absorption spectrum of pure dye. The broad peak of pure dye was 

shifted from 534- 590 nm after grafting of dye on the surface of nanoparticles which 

increases the absorption in visible region and increases the efficiency of DSSCs. 
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Figure. 3.13. UV -Visible spectra of AZ dye grafted with (a) Ce0 2 (b) 1 % Zr-Ce02 
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3.5 FT-IR Analysis of Pure Dye and Nanohybrid Material 

3.5.1 FT -IR Analysis of Carminic Acid Dye 

FT -IR is the technique to reveal the impurities in the material and tells us about 

the sample purity. Its spectrum distinguishes the functional groups in the compound by 

showing their characteristic peaks. FT -IR spectrum of carminic acid dye is shown in 

the Figure 3.12. 

95 
--GnnIinic Add 

90 

70 

65~--~~--~----~----~----~----~----~ 
4000 3500 3000 2500 2000 IS)() 1000 500 

WaVt21.1Dnber (an-~ 

Figure. 3.14. FT-IR spectrum ofCA dye. 

The appearance of the broad band at 3237 cm- I in the FTIR spectrum of the dye 

corresponds to the O-H starching frequency. The band at 1737 cm- I verified the 

starching vibrations of acidic functionality in carminic acid dye. Stretching vibrations 

of C-C, C=OH vibrations, and C-H vibrations were responsible to allot peaks from 

1000 to 1500 em-I. 

3.5.2 FT-IR Analysis of Nanoparticles Grafted with Carminic Acid Dye 

FT -IR spectrum of nanohybrid is shown in the Figure 3.13, by comparing the 

FT-IR spectrum of nanohybrid material and the pure dye, it is verified that that the 

nanohybrid assemblies are successfully synthesized because certain peaks of dye 

molecule are absent in the grafted dye samples. This is confrrmed by comparing the 

FT-IR spectrum of pure carminic acid dye and that of the grafted samples. Figure 3.13 
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is comparing the FT -IR spectrum of carminic acid dye with the pure ceria nanoparticles 

with the dye molecule adsorbed on the surface. 
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Figure. 3.15. Comparing the FT-IR spectrum of (a) CA dye with (b) CA grafted pure 

ceria nanoparticles. 

While the Figure 3.14 is showing the FT -IR spectra of dye molecule grafted onthe 

surface of ceria nanoparticles doped with different percentages of zirconium. 
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Figure. 3.16. FT-IR spectra of ceria nanoparticles doped with (1-5)% zirconium. 

3.5.3 FTIR Analysis of Arsenazo III Dye 

Arsenazo III is an azo dye, used here as a photosensitizer in DSSC. FT-IR spectrum of 
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the arsenazo III dye is shown in Figure 3.17. FT-IR spectrum of amolecule not only 

reveals the major functional groups present in the molecule but also its purity. FT-IR 

spectrum of dye molecule exhibits a broad band at 3444 cm- I which corresponds to the 

starching vibrations of O-H bond present in the molecule. The peakat 2758 cm- I is due 

to starching of phenyl C-H bond, while peaks at 2359 cm- I , 1569 cm- I and 1488 cm- I 

are due to the C02 absorption, S=O stretching and phenyl N=N stretching. Peak at 762 

cm- I is due to =0 asymmetric vibration while peak at 622 cm-lis because of As-OH 

symmetric stretch. 
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Figure. 3.17. FT-IR spectrum of the AZ dye. 

3.5.4 FT -IR Analysis ofNanoparticies Grafted with Arsenazo III Dye 

FT-IR spectra of dye sensitized pure Ce02 and zirconium doped Ce02 are 

given. Confirmation for the successful synthesis of nanohybrid assembly using 

arsenazo III dye and nanoparticles was obtained by analyzing the FT -IR spectra of pure 

dye and the grafted nanoparticles. Most of the peaks present in the FT-IRspectrum of 

dye molecule indicating presence of the acidic anchoring groups are absent in case of 

grafted samples, which showed that chemisorption of dye on the surface of 

nanoparticles is successfully achieved. Figure 3.16 is comparing the FT -IR spectrum 

of pure arsenazo III dye and the FT -IR of arsenazo III dye adsorbed on the surface of 

pure Ce02 nanoparticles. While Figure 3.17 shows FT-IR spectra of grafted ceria 

nanoparticles doped with different percentages of zirconium. 
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Figure. 3.18. Comparing the FT-IR spectrum of (a) AZ dye with (b) AZ grafted pure 
ceriananoparticles. 
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Figure. 3.19. FT-IR spectra of AZ dye grafted ceria nanoparticles doped with and (1 -

5)%zirconium. 
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3.6 Current Voltage Measurements (I-V Measurements) 

With hole transport material Poly 3-hexylthiophene (P3HT) along with the dye 

loaded porous nanoparticles of Ce02 in DSSCs, the efficiency of the cell was 

calculated. This study explored the use ofP3HT as hole conducting material alongside 

Ce02 loaded with carminic acid and arsenazo dye and their efficiency testedin dye­

sensitized solar cells. Figure 3.19 represents the current voltage plots of DSSCswhile 

the table showing the characteristic photovoltaic parameters. 

~,-----~------~----~----~~--~-, 
454----===~~~~------_r----+-~--~~ 

404-------r-~~~------~--~~~~--~ 

1:4----~--~--~~-r~~ 
~25~------~----_+-------r~,~--~----~ 

£W~----~----~------~r~~~----~ a 
~ 15,4-------r-----~------_r#~--+_T_----_; 

~ 1014-------r-----~------_W-1_~--T_----_; a 5 

O~~~~~~~~::~~~~J:~~] -5 

-10 
~.2 0.0 0.2 0.4 0.6 0.8 

Voltage (V) 

Figure. 3.20. Current-voltage plots of DSSCs. 

The open circuit potential (V oc), short circuit current (Jsc) , maximum power 

point (Mpp), fill factor (FF), along with the efficiency of each cell (11.%) is shown in 

the table. DSSC with porous zirconium doped ceria nanoparticles loaded with the 

arsenazo III dye showed the maximum efficiency and had shown to possess the 

potential characteristic parameters than those of other cells fabricated for this study. 

The solar cell with Zr-Ce02-Arsenazo III resulted in 1.58% efficiency with J sc 

of 8.2 mA/cm2 which is highest among all the cells fabricated, this increase in short 

circuit current is because of increased light absorption and the generation of increased 

numbers of charge carriers. 
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Table 3.3: Evaluation of open circuit potential (Voc), short circuit current (Jsc), 

maximum power point (Mpp), fill factor (FF) along with the efficiency (Il,%) of each 

cell. 

Cell Composition J sc Voc(mV) 
M pp 

Il,% (rnA/crn2) (rnW/crn2) FF 

P3HT - Ce02 Light 0.99 0.43 0.18 0.45 0.18 

P3HT - Zr doped-Ce02 3.12 0.31 0.40 0.41 0.40 

f T - Zr dopped Ce02 -Carminic 5.83 0.33 0.81 0.42 0.81 
Acid 

P3HT- Zr dopped Ce02 8.24 0.43 1.58 0.45 1.58 
-Arsenazo III 
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Conclusions 
Pristine Ce02 and (1 -6)% transition metal (Zr) doped Ce02 NPs were successfully 

synthesized by co-precipitation method. The synthesized nanoparticles were 

characterized by using UV-Visible spectroscopy, XRD, and FT-IR analysis. UV­

Visible spectroscopy indicated that with an increase in zirconium percentage ranging 

from 1 to 5%, an increase in the wavelength (304-339 nm) was observed and with a 

further increase in dopant percentage, a blue shift was observed. Tauc plots were used 

to find out band gaps of the synthesized nanoparticles which showed tuning in the band 

gap ranging from 3.25 to 2.65 eV. XRD calculations showed that the average crystallite 

size decreases with an increasing percentage of zirconium (11.5-7.1nm). There was no 

impurity peak or Zr-related phases were found in XRD patterns. FT-IR analysis showed 

the absence of any impurity and also showed the vibration bands of the required 

samples. Nanoparticles were successfully grafted with carminic acid and arsenazo III 

dye. Successful fabrication of nanohybrid assemblies were confirmed by UV-Visible 

and FT-IR spectroscopy. Cost effective DSSCs were fabricated using the synthesized 

nanohybrid using P3HT as a hole transport material. From the I-V plots it was found 

that Arsenazo III dye sensitized zirconium doped Ce02 and Carminic Acid dye 

sensitized zirconium doped Ce02 resulted in increased efficiency of the cell. It is 

evident from power conversion efficiency that zirconium doped cerium oxide 

nanoparticles grafted with carminic acid and arsenazo III dye are effective junctions 

for photo current generation in DSSCs with the efficiency of 0.81 and 1.58 respectively. 

Arsenazo III dye sensitized zirconium doped Ce02 nanoparticles showed the maximum 

efficiency compared to there reference cell. 
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