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Abstract 

In this research work, the pure and transition metals (Silver and Zinc) doped NiO 

NPs were successfully synthesized by using the Co-precipitation method. The 

characterization of as-synthesized nanoparticles was done by UV-Visible spectroscopy, x­
ray diffraction (XRD), Fourier Transform Infrared spectroscopy (FTIR), Scanning Electron 

Microscopy (SEM), Energy Dispersive X-ray spectroscopy (EDX), and I-V 

characterization. The optical properties of as-synthesized NPs were studied by UV-Visible 

spectroscopy and resulted absorption spectra thus obtained revealed that with the increase 

in dopants percentage from 1-5%, a red shift (Amax shifted towards longer wavelength) in 

the spectra was observed. To find the band gaps of pure and doped nanoparticles, Tauc's 

plots were used, and it shows tuning in band gaps for all doped nanoparticles. The band 

gap of pure NiO NPs was observed to be 3.17 eV which was tuned up to about 2.10 eV due 

to Ag and 2.00 eV due to Zn dopants. To estimate the average crystallite size and the purity 

of nanomaterial X-ray diffraction analysis was used. XRD analysis confirmed the 

formation of face centered cubic crystalline structure of NiO and its high degree of 

crystalline nature. The morphological changes in nanostructured material were analyzed 

by SEM studies. Some clusters of spherical and somewhat oval nanoparticles are visible in 

the SEM picture. The elemental composition of nanostructured material was analyzed by 

EDX studies. EDX studies revealed the presence of Ni, 0, Ag and Zn along with some 

extra peaks of impurities such as C, and Cl. FTIR studies helped in detecting the specific 

vibrational bands. Three cost effective and commercially available organic dyes (Carminic 

Acid, Coomassie Violet R200, Arsenazo III) were selected and investigated to be used as 

photo sensitizers for DSSCs (dye-sensitized solar cells). The FTIR peak for the -COOH 

functionality in the case of Carminic acid and -S03H group in the case of Coomassie violet 

R200 and Aesenazo III get vanished in the nanohybrid spectrum compared to pure dye, 

demonstrating efficient functionalization (grafting) of the nanoparticles with the 

corresponding dyes. The nanohybrid materials thus formed were used as semiconducting 

working electrode in DSSCs. To overcome the problems offered using liquid electrolyte, 

an organic hole conducting polymer (P3HT) was employed as a solid electrolyte in solid­

state DSSCs. The results obtained from above studies revealed that among all the fabricated 
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devices, the greatest efficiency was acquired for devices sensitized with Arsenazo III in 

solid-state-DSSCs. For DSSC based on Carminic acid dye sensitized Ag-NiO the 

efficiency was obtained to be 0.40% with Jsc of 3.10 mA/cm2 and V oc of 0.31 V. For 

Arsenazo III dye sensitized Ag-NiO based DSSC, the maximum efficiency was observed 

to be 1.03% with Jsc of7.90 mA/cm2 and Voc of 0.31 V, as compared to the reference cell 

(0.07%). 
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Chapter 1: Introduction 

1.1. Outlook for global energy 

Global energy consumption is always rising, yet conventional energy sources have 

limited supplies l
. Presently, it is estimated that seven billion people worldwide use roughly 

13 TW (terawatts) of energy, and in 40 years, that number would likely increase by another 

10 TW. Finding and using new conventional energy sources is getting more and more 

challenging because of the unknowable size of the reserves of coal, oil, and gas, as well as 

the costly and hazardous methods of extraction I. Resources for fossil fuels are few and 

quickly running out. Finding alternate energy sources is therefore urgently needed to meet 

our needs. Nuclear power, renewable energy sources like solar, and carbon fuel-based 

sources are the three options now under consideration. The fundamental argument against 

carbon-based energy is that it has a negative effect on the environment2. Using it will 

significantly raise atmospheric C02 levels, which will result in catastrophic climate 

changes. The construction of nuclear power plants with a capacity of hundreds of gigawatts 

(GW) would be necessary to meet the world's energy needs, but there is currently no 

practical way to get rid of the hazardous nuclear fuel waste. So, the third option, which is 

renewable energy using the sun as the source, is very appealing and promising for several 

reasons. Sunshine is a plentiful and unrestricted energy source that is delivered right to our 

homes. 120,000 TW of solar energy is received by the surface of earth3
. 

1.2. Resources of Energy 

There are "3" different kinds of energy resources3. 

• Renewable 

• Non-renewable 

• Secondary 

1.2.1. Renewable Energy Resources 

Natural resources are the source of renewable energy that are regenerated more 

quickly than they are used up. There are numerous and accessible sources of renewable 

energy. It is also called clean energy4. 
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• Solar energy 

• Wind power 

• Hydraulic power 

• Wave power 

• Biofuel 

1.2.2. Non-Renewable Energy Resources 

Natura l resources thal cannot be easil y replenished by natural processes at a Tate 

rapid enough to keep up with use are considered non-renewable resources". 

• Oi l 

• Natural gas 

• Coal 

• Nuclear energy 

1.2.3. Secondary Resources 

All energy sources that come from the transformation of primary sources (sources 

that involve direct extraction of energy from namral resources) should be referred to as 

secondary energy5. 

• Liquid fuels 

• Electri city 

• Reat 

1.3. Solar Energy 

Solar energy provides mankind with a generally well-distributed , clean, climatically 

friendly. extremely abundant, and unlimited energy source. The sun supplies the surface or 

the planet with around 120,000 terawatts of energy, or 6000 times more energy than is now 

being used worldwide. It is still extremely difficult to harness so lar power and turn it into 

cheap electricity or chemical propellants like hydrogen while using widely accessible raw 

mate ria ls6. According to the Intel11alional Energy Agency's Light's Lahour's Lost 2018 

report's high-renewable scenario version, solar photo voltaic (PV) and solar thennal energy 
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systems might co llectively supply up to 25% of the world's electric ity by 2050. After 

hydropower and wind power, soLar photovolta ics is now the third most significant 

renewable energy source and has experienced a staggering 33 .2% ri se silJce the end ('If 

20 15. This is because, by the end of1016, 30 1 GW worth of solar panels will have been 

installed globall y. Solar energy provided 1.3% of the world's power~ a small yet significant 

contribution given recent and anti cipated potential advancements in solar technologies' . 

In many parts of the world, solar radiation is recQgnized as one of the finest 

potential energy sources. The two pri mary techniques for turning solar radiation into energy 

are passive and active designs of solar energy. The cornerstone of passive solar design, 

which attempts to do away with the need for artificial lighting and heating, is typically the 

most effective architecture for gathering solar energy. Solar energy researchers are 

parti cularly in terested in the desigu and optimization of solar energy houses for pass ive 

solar systems. Globally, increasing building energy efficiency is a top priority. The 

measures used to reduce energy use can take a variety of forms, and the person making the 

decision must choose the best option while considering a number of di fferent and 

frequently conflicting goals, including energy use, expenses, the environment, and other 

fac tors. Water heating is the fo undation of active solar design, which tmns solar radiation 

into heat by employing photovoltaic panels and solar ce ll s to transform the solar rad iation 

into energy!. 

1.4. Technologies of Harnessing Solar Energy 

Based on how solar rad iation is captured and dispersed, the fo llowing sorts of 

technology have been employed to harvest energy coming continuously from an unlimited 

source like lhe sun9
. 

• Passive solar system 

• Active solar system 

1.4.1. Active Solar System 

By considering the app lication related to solar systems that are termed as active, we 

become ab le to perform the transformation of energy obtained ITom sun into other various 

beneficial kinds of energy. Nonnally, energy obtained from sources linked to electricity 
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and heat will surely have the capability of being transformed in a given manner. In 

buildings, the relevant energy then further in turn will be available for its utilization for 

fulfilling certain tasks like that of cooling, heating or to counteract other alternative energy 

consumption or expenditures. For this process, active solar systems employ mechanical or 

electrical machinery 10. 

Active solar systems do include solar photovoltaics, fuel cells, dye-sensitized solar 

cells, solar collector and photocatalysis. 

1.4.2. Passive Solar System 

Whenever we take into consideration passive building designs, or building design 

or solar system, floors, windows, and walls are constructed to collect, save for future use, 

and disperse the directly striking solar energy in the certain nature of subsequent heat in 

the cold times during winter and does result in ultimate drop in solar heat's extent during 

the hot times in the summer season ll . Since it doesn't take into careful consideration the 

corresponding components like that of electrical or mechanical, as contrary to solar heating 

systems belonging to active category, a passive solar system is also known as climatic 

design 12. The type of replacement windows, warm insulating materials, warm masses, and 

covering are a few factors that need to be considered. While the existing structures can be 

modified or retrofitted, passive solar system approaches are easier to apply to new 

construction. 

1.5. Solar Energy Converters 

The three most common types of solar energy converters are as follows 13
: 

• Photovoltaic energy converters 

• Photochemical energy converters 

• Solar thermal converters 

1.5.1. Photovoltaic Energy Converters 

Whenever the light from any source does strike at surface of our materials that are 

semiconductor in nature, a certain part of the photons corresponding to light are in turn 

able to be getting absorbed through crystal that is semiconductor inherently, and all this 
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phenomenon further results in increasing the availability of electrons, that are free in 

nature, in the subsequent crystal. A cell photovoltaic in nature is generally believed to own 

the ability of conversion of energy obtained from light into purposeful electricity and that 

too with the virtue of an effect known as photovoltaic and thus it serves to be the most 

valuable part of a system 14. Generally, light can either be reflected by a certain medium 

provided or it does pass thoroughly by that medium, furthermore, the left-over light is 

eventually captured by our material and all these three processes do happen only when a 

particular beam of light does collide with a certain material. 

Photovoltaic is the acronym for solar-generated electricity (or PV). The 

photovoltaic effect is a process that governs the transformation into electrical form of 

energy and that from available form of energy which is light. Sunlight is converted to direct 

current electricity using photo voltaic solar cells. Semiconductor materials are used to 

create the solar cells in the PV module l5
. Electrons are released when light energy hits the 

cell. When photons strike a material, absorption of a sufficient amount of photon is carried 

out, and subsequent photons in turn can serve the purpose of excitation of some of the 

electrons corresponding to the covalent bond that is present. When this happens, relevant 

excited electrons are sufficiently energetic, and they can easily perform the task of moving 

to conduction bond from a band of lower energy that is valence one. The corresponding 

electrons then deviate from their past identity of having covalent bond and this becomes 

possible only because conduction band is the only place where the final energy level related 

to above mentioned electrons does lie, and the result involves the increase in number of 

leftover holes in each band and that too with the release of respective electrons from that 

one. Within the crystal structure, these so-called free electrons drift at random. The 

electrons can be trapped as a D.C current owing to the electrical conductors connecting to 

the material's positive and negative scales. The resulting electricity generated in this case 

can and will be utilized to perform efficient functions like that of either storage in a battery 

or powering a certain 10ad16 . 

Interconnected systems and standalone off-grid are generally involved when main 

categorization of certain photovoitaic systems does take place. In areas without utility grid 

service, off-grid (stand-alone) systems are frequently employed. This tends to be cheap to 

a large extent to supply usable forms of such energy to remote locations, more specifically 
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for hospitals, rural banking, and IT. Obviously, the installation of such systems taking into 

account PV is far more cheap as well as efficient and durable than conventionally 

assembling the transformers of step down type and power lines for the purpose of 

transmission and this is becoming must needed specifically in locations of remote villages. 

Panels operating on solar energy are generally able to generate purposeful energy without 

burning, odor, noise, vibration, or other types of pollutants. Unwanted disturbance is thus 

eradicated to an overall extent. Also, there will be no more extra burden or charges 

allocated for maintaining special structures or moving and adjusting different components, 

unlike other systems are source of fruitful energy and they do require training at a 

professional level for an efficient installation and in competitive range l7 . 
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Figure 1.1. Photovoltaic energy conversionl8 , 

1.5.2. Photochemical Energy Converters 

Energy is transformed in the form of an mcrease m chemical potential usmg 

photochemical energy converters. It entails converting sunlight directly into electrical or 

chemical energy through a photochemical process, 

Photosynthesis by plants, algae, and bacteria is a reliable process with reasonable 

conversion efficiency. These systems already create three times the yearly world energy 

consumption or 3 X 1021 J of stored energy, In order to create additional products like 

hydrogen, reduced carbon compounds, ammonia, and power, photosynthesis can be 
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imitated and redirected. Creating artificial systems for the storage and photochemical 

conversion of solar energy is a rapidly expanding subject. 

Photochemical energy conversion takes place by following means: 

~ Natural photosynthesis 

~ Artificial photosynthesis 

~ Hybrid systems 
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Figure 1.2. photochemical energy conversion19
• 

1.5.3. Solar Thermal Converters 

These are the devices that harness the sun's energy as intense heat. These devices 

do follow a certain procedure which can be referred to as concentrating solar power (CSP). 

The resulting energy in the form of solar is focused by making utilization of lenses and 

mirrors and lenses and ultimately targeted in direction of a receiver in concentrating solar 

power (CSP). Inside the receiver, a heat transfer fluid circulates and does absorb all 

available heat of the solar radiation in concentrated form before transferring it to a 

thermodynamic power cycle. 

CSP needs a lot of direct normal irradiance (DNI). The generation of power as well 

as electricity by making the use of CSP power is limited to DNI locations that are too high 

in order to be economically viable, furthermore, corresponding technological advancement 

is specifically applicable to only power production at utility scale7 . 
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Figure 1.3. Concentrating solar power (CSP)20. 

1.6. Photovoltaic Technology 

Photovoltaic cells, which can also be termed as solar cells, are devices of category 

of electronics which do have ability of turning into electricity, of directly striking 

sunlight. Edmond Becquerel, a French physicist, made the initial discovery of photovoltaic 

energy in 1839. In 1882, Charles Fritts created the first functional solar celL The major 

benefit of photovoltaic devices is their construction as stand-alone systems, which may and 

will be a substantial source for provision of values of outputs generally falling in the micro 

to megawatts. They do demand a very little effort for maintenance and are simple, facile 

and robust in their adapted design. As a result, they are employed in a variety of 

applications, including power generation, power plants working on the scale of megawatt, 

water pumping, reverse osmosis plants, remote buildings, spacecraft, solar home systems, 

satellites and even communications. Only because of having such a wide range of 

applications, the subsequent need for photovoltaics is rising each year. Ready availability 

of solar radiation and efficiency conversion are two factors influencing PV technology. 

Extraction of solar cell/module parameters is one of the most essential requirements for 

increasing the capacity of PV systems. 
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1.6.1. Components of Photovoltaic System 

There are in total six components regarding a general photovoltaic system which 

are as follows. 

• An electric grid 

• The solar PV array 

• A utility meter 

• A charge controller 

• An inverter 

• A battery bank 

The precise and accurate installment of each of these components is solemnly 

responsible for the resulting effectiveness as well influence of the solar panels. 

Pow er M eter 

DC/DC 

Figure 1.4. Constituents of Photovoltaic Assembly 21. 

1.6.2. W orking and Principles of Photovoltaic Cell 

The most influential as well as direct way to which can be utilized for efficient 

conversion of energy in solar form to the energy behaving in electrical form which is also 

termed as electricity and that too without emitting greenhouse gases including carbon 

dioxide or contributing to global warming is through photovoltaic technology. The 

photo voltaic effect is the foundation of solar energy. A photovoltaic material is a 

semiconductor layer. In semiconductors, the valence band is created by the overall sum of 

9 



energy of the bound valence type of electrons, while the band of conduction is produced 

by adding all the subsequent energy of the electrons that are free in nature. The structure 

related to band describes how energy and motion are interdependent. The so-called 

bandgap is actually a result of contrast which is present among the conduction band' s 

lowest energy and highest energy which is owned by valence bandzz. A PV device has a 

semiconductor material with a p-njunction across which solar radiation develops a voltage. 

The characteristics of the concerned material belonging to n and p type along with their 

constant related to diffusion determine the voltage produced across the junction. Our 

current semiconductor material, which is necessary for the construction of a cell that is PV 

in nature, must demonstrate an extraordinary absorption of the majority of the solar 

spectrum's radiations in order to achieve high efficiency as regarded with collection. 

1.6.3. Carrier (electron-hole) Generation 

While considering the interactions linked with a semiconductor material with the 

irradiation, energy of photon is required to have a value that is far less than bandgap of 

material, and so in this above-mentioned case the coefficient due to absorption is extremely 

low and the photon can be absorbed by lattice or free carriers only. On the contrary, if in 

any case the energy corresponding to photon comes out to be far more in value than the 

semiconductor's band gap, the coefficient owing to absorption generally tend to rise 

sharply in value as a function of energy related to photon and furthermore, the process of 

absorption which is usually limited to band-to-band (inter band) does take place. The band 

structures and photon energy both affect the absorption coefficient. 

In the so-called direct bandgap arrangement, the maximum energy corresponding 

to the valence band and the lowest energy level in the conductive band have the identical 

momentum. "Direct" semiconductors include GaAs, CdTe, and CuInSez. Upon absorption 

of a photon with energy greater than the bandgap, an electron moves from the valence band 

to the conductive band. Since the photon momentum is h/A= 0, the resulting electron and 

hole have almost the same momentum. As photon energy grows, so does the kinetic energy 

of the resultant electrons and holes. The surplus amount of energy that was available is 

ultimately lost in a type of heat and this happens owing to vibrations due to lattice to 

achieve thermal equilibrium. Meanwhile all this mess is created only because of dispersing 
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of holes as well electrons and this dispersing mainly tends to take place by the aid of 

vibrations due to lattices and these can also be termed as phonons. This process is termed 

thermalization. 

In the so-called indirect band structure, there are unique momentum values for the 

lowest energy electron in the conductive band and the highest energy electron in the 

valence band. These "indirect" semiconductors include Si, Ge, and GaP, for instance. In 

this case, the transition between the valence band maximum and the conductive band 

minimum is not possible with merely the absorption of photons with energy close to the 

bandgap. Since the photon momentum is zero, transitions can only be performed by 

absorbing photons and simultaneously absorbing or emitting phonons. As comparison to 

"direct" transitions, "indirect transitions" have a comparatively low absorption coefficient 

due to the necessity of synchronous electron-photon-phonon interaction. With increasing 

photon energy, the absorption coefficient rises rather slowly. Permissible transitions that 

are said to be direct do tend to be achieved from the band structure that is referred to as 

indirect at high enough photon energies. As a result, the absorption coefficient increases 

more abruptly at higher photon energy. Indirect semiconductors also experience the effects 

of produced carrier thermalization. 

The bandgap and band structure of semiconductors has a significant impact on how 

many carriers are produced during solar energy conversion. Photons with insufficient 

energy are not absorbed, and excess carrier production cannot transfer their energy. The 

excess sufficiently available amount of energy belonging to that of photons while having 

energies greater than the one that does take place due to bandgap, is converted to heat. 

Consequently, just a smaller portion of solar energy that is generally directly striking can 

be transformed into free charge production and, ultimately, into electric power. After 

photon absorption, some materials have the ability to produce an exciton, which generally 

corresponds to hole/electron pair that is always constrained by Coulomb forces. Exciton 

can diffuse through a material and, after gaining an extra energy greater than its bounding 

energy, it can undergo easy recombination and break itself apart into a subsequent pair of 

hole-electrons. Excitation production is a significant as well as a substantial and familiar 

phenomenon taking place in materials that are naturally and inherently organic and it does 

also occur at the interfaces between materials that are inorganic as well as organic23
. 
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1.6.4. Carrier (electron-hole) Recombination 

Photogeneration generates extra carrier paIrS, resulting in a larger carrIer 

concentration than at thermodynamic equilibrium. An electron-hole pair is annihilated 

when the system strives to approach equilibrium and fall of the excited electrons from the 

conduction band does take place which in turn recombine with holes in the valence band 

and thus resulting in their recombination with the corresponding holes. It is called a 

wasteful recombination process. 

Both energy and momentum conservation must be satisfied during the recombination 

process. The extra energy is either converted to photons (irradiative recombination) or 

dissipated as heat (non-irradiative recombination). 

un 011 

(a> (II) (a> ('Is) 

2 

Figure 1.5. Carrier's Generation and Recombination process. 

The three most significant recombination mechanisms are listed below. 

1.6.4.1. Radiative Recombination (Band-to-Band) 

In this process, an electron belonging to the conduction band must undergo a 

transition into a hole which is generally present in open state within a valence band from a 

permissible state linked to conduction band. It serves to be the opposite of the process of 

carrier's generation in which the extra amount of energy is primarily emitted in the shape 

of photon withholding energy not so far from the bandgap24. The number of surplus carriers 
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as well as doping concentration (donor or acceptor) affect the rate of irradiative 

recombination. It is mostly present in materials with a direct bandgap semiconductor. 

Band-to-band recombination is another name for this process. 

1.6.4.2. Auger Recombination 

It is a general process regarding recombination which is in turn non radiative in 

nature. The recombination of a hole originally arising of valence band does take place with 

an electron who is inhabitant of conduction band which can be thought of as a three-particle 

interaction25
• The extra energy is then transmitted to another extra particle which can either 

be a free hole or an electron and that too in the form of kinetic energy while whenever the 

process of thermalization does happen, it is further transformed into useless heat. In a 

highly doped semiconductor, where the carrier lifetime significantly relies on the number 

of free carriers, the Auger recombination may be quite significanf4
. While taking into 

account the layers who do possess the concentration of specifically used dopant in value 

much superior to 1019 cm3, Auger recombination may be the predominant recombination 

process. Smaller bandgap semiconductors frequently experience this behavior. 

1.6.4.3. Trap Assisted Recombination (Non-Radiative) 

Discrete energy levels inside the bandgap are produced by defects in semiconductor 

crystals, which can be caused by impurities or crystallographic flaws like dislocations. 

Certain energy levels are located deep within the bandgap. These defect levels, often 

referred to as traps, dramatically enhance the phenomenon of recombination by the aid of 

special protocol which further does take place in the form of two parts. Firstly, the 

conduction band's singular free electron does perform relaxation and that too adjacent to 

the level of defect preceding the forthcoming relaxation further leading to valence band, 

whereas annihilation of a hole is carried out, in subsequent second step. The center 

concentration influences the rate of recombination. The carrier lifespan may be controlled 

by adjusting the concentration of recombination centers. In this process, energy is not 

emitted in the form of photons but rather transferred in the form of phonons or lattice 

vibrations. This process is also known as non-radiative recombination26
. 
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Recombination processes may often be thought of as occurring individually, and 

the penultimate rate belonging to recombination can only be easily calculated by addition 

of rates of all individual ones23
. 
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Figure 1.6. Different types of Carrier's Recombination in serniconductors27
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1.7. P-n junction 

After capturing photons, solar cells excite electrons across a semiconductor's bandgap 

to produce more hole-electron pairs than are required. These pairs are then separated by 

charges, which occurs more frequently when doping produces a junction of the p-n type. 

The p-njunction is not a conductor. The space charge region is another name for this non­

conducting layer between the p-n junction. A potential difference at the exterior electrodes 

equal to the bandgap results from the space charges at the interface adjacent to junction of 

the p-n type which consequently drive holes in one direction along with the electrons in 

the others. 
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Figure 1.7. P-njunction diode29
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1.8. Solar Cells 

The photovoltaic principle is employed by solar cells to for efficient transformation 

into purposeful electrical energy from striking sunlight. Employed solar devices do 

produce voltage as well as current when energy in the form of solar is absorbed. Solar cells 

are combined to create bigger units known as solar modules since the potential produced 

in third-generation solar cells is only about 0.5-1 eV, which is extremely low. These­

modules are connected to even larger units to produce solar panels with greater potentia13o. 

1.8.1. Solar Cell Working Mechanism 

The below mentioned steps are taken into consideration while accounting for working 

of solar cells. 

~ In a solar cell, the conversion begins with light induced charge carriers' generation. 

~ It is followed by transport regarding certain charge carriers that have already been 

produced. 

~ The above-mentioned carriers of charges are accurately captured by their respective 

electrodes. 

~ The movement of electrons as they go through an external circuit. 

~ And subsequent dissipation of power generated in form of load. 
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Figure 1.8. Solar cell cross section and working. 

1.9. Different Generations of Solar Cells 

According to the kind of material used in their construction, solar cells are often 

categorized into three generations. The silicon (crystalline in nature) based technology 

having its emphasis on wafers which can in turn either be in form of multi crystalline or 

single crystalline in structure, is used in the above mentioned first generation of solar cells. 

The technology of solar cells related to thin fIlms does serve as the foundation for second­

generation solar cells. The third and so far, last generation of solar cells uses innovations 

like concentrating and organic solar cells that are either currently being tested or are not 

yet commercially available31 • The preliminary solar cells belonging to the first generation 

are the most common in the market and have the highest efficiency of all the generations, 

but they are quite expensive to produce. Second generation solar cells are also in 

commercial use and have low fabrication cost, but efficiency is still low. Third-generation 

solar cells are far more affordable and simpler to manufacture while still utilizing thin-fIlm 

techniques and a variety of non-toxic materials. But have no commercial applications due 

to certain limitations32
. 
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Figure 1.9. Generations of Photovoltaic cells. 

1.9.1. First Generation Solar Cells 

Solar cells based on silicon and belonging to the preliminary first generation are 

sometimes referred to as conventional, wafer-based, or classic solar cells. Two layers of 

various semiconductor materials that have been doped in various ways make up the 

structure of relevant solar devices. A diode having its basis on p-njunction is almost similar 

to a solar cell. To prevent direct solar irradiation from penetrating the electrode, silicon 

with embedded metal components is employed on the upper side of the electrode. Solar 

cells are made in a variety of sizes and forms to increase their useful surface area and 

minimize contact resistance-related losses. There are many kinds of solar cells, but 

around 90% of all solar cells are made from crystalline silicon wafers. However, a 

significant disadvantage of these cells is that they lose some of their effectiveness at high 

temperatures. This generation mainly includes the following type of solar cells33 
. 

• Emitter wrap-though cells (EWT) 

• Monocrystalline silicon 

• Gallium Arsenide (GaAs) 

• Poly crystalline silicon 
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1.9.2. Second Generation Solar Cells 

The technology corresponding to the second generation of solar cells, which used thin 

films instead of the crystalline silicon on which the first generation was based, proved to 

be far less expensive32
• Despite taking into account the material of semiconductor, the more 

facile and effective thin films did provide opportunities for a significant decrease in the 

ongoing hype in prices of material by doing away with the wafer that did consist of far 

expensive silicon. Further benefits of such thin films do include the expansion of the 

production unit shift to a glass sheet (- 1 m2
) , from ordinary silicon wafer (- 100 cm2

) 

which is roughly about one hundred times bigger34. The solar cell used in this technique is 

extremely thin, with a thickness ranging from 35-260 nm, because it uses less material. The 

following are the five types of cells having these new thin films that did prove out to be a 

commercial fruitful approach. 

• Copper-Indium-gallium-Di selenide (CIGS) or Copper-Indium-selenide (CIS) 

• Amorphous silicon type (a-Si) 

• Cadmium sulfide (CdS) and cadmium telluride (CdTe) 

• Tandem amorphous-Si as well as multi-crystalline-Silicon 

1.9.3. Third Generation Solar Cells 

To remove the restrictions on the greatest attainable extent of the prevlOUS two 

generations, the third and final generation was introduced at that time. For instance, the 

first generation requires high fabrication cost, and the second generation has limited 

material availability. The solar cell advancements that are in general associated with third 

generation still tend to be at the precommerciallevel and range in contrast to technologies 

that are demonstration such as concentrating solar cells having possession of multiple 

junctions and also unique perceptions and ideas that are so far in dire requirement of 

advanced as well as fundamental development & research to be carried out on them in 

future (e.g. , solar cells possessing their quantum confinement in their respective structures 

). Several modem solar cell technologies are now being developed, and a major element of 

these technologies is the usage of quantum wells as well as dots, quantum mechanics-based 

wires or superlattices. The future use of such technologies in coming days seems to be most 

probable in assembly of solar cell technologies already based on concentration techniques, 
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where there is a chance of them that they might overcome the thermodynamic constraints 

of traditional (crystalline) cells and attain very high efficiencies35
. They are not able to be 

operative on methods employed in junctions of p-n type which are overly simple. Several 

materials other than silicon have been used, including silicon wires, solar inks, and 

nanomaterials. To improve the light absorption in these devices, a great number of various 

elements have been tried to perform the function of sensitization. To cover a hell broad and 

great limit of solar spectra and to make in enhancement in spectral sensitivity, several 

stacking layers of materials with modified band gaps are utilized. As a result, the practical 

as well as desirable features of inorganic and organic solar cells were taken into 

consideration as a whole to create these hybrid solar cells. Low-cost manufacturing 

processes are used in the construction of these cells. The following are the certain 

categories of solar cells that are included in this so far ultimate generation32. 

• Solar cells have their origins in thin polymers. 

• Dye-Sensitized solar cell (DSSC) 

• Solar cells rely on the operation of sensitization of quantum dots. 

• 'Smart' coatings 

• Perovskites solar cells 

• Solar cells are made of nano crystals. 

• Polymer based solar cells. 

Among all of them, the DSSCs are the primary focus of our attention. 

1.10. Dye-Sensitized Solar Cells (DSSCs) 

Dye-sensitized solar cells (DSSCs) in actual corresponding to the group of solar cells 

that have thin films within their systems are gaining attention due to certain desirable 

characteristics like ease in processing during production, simple yet facile preparation 

methodology, low cost, and low toxicity. Its fundamental principle has its basis lying on a 

certain photo as well as electrochemical system in which assembly of a semiconductor is 

resulted between a conventional electrolyte and an anode which is further sensitized by the 

virtue of light36 . They are too termed to be as a class of the Gratzel cells, which were in 

turn originally assembled in the year of 1991 at UC Berkeley owing to the efforts made by 

corresponding first developer of this technology which are Michael Gratzel along with 
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Brian O'Regan, In case of an obsolete and old-fashioned solar cell, Si does provide us with 

a photoelectron's practical and nonstop source, and it does convey as basic mean for 

creation of a field which is naturally electric and in turn provides a basis for generation of 

effective amount of current which has resulted from separation of relative charges37
, 

However, when we are taking into consideration DSSCs, the relevant semiconductor 

material that is present only performs the task of a charge transfer, and the photoelectrons 

are supplied by photosensitive dyes, The technically advanced new features that became 

associated with DSSC later did result when the nano sized grained coatings ,involving Ti02 

in structure, were made to subject to process taking into account photosensitization and 

that too combination of a visible dye that itself remains active in sense of optics for a longer 

amount oftime, which in turn further makes conditions better by causing a rise in efficiency 

levels and taking them above 10%38, 
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Figure 1.10. Principle and energy levels distribution for Nanocrystalline DSSC39, 

1.10.1. Photo electrochemical Solar Cells 

Photo electrochemical types of cells use light to generate electricity, One or two 

semiconducting photo electrodes, as well as auxiliary metal and reference electrodes 

submerged in an electrolyte, make up each cell, Semiconductors like ZnO, Ti02, Sn02, 

ZnS, etc are used as photo anode materia14o, The working principle of this type of DSSC 
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does take into consideration the following number of steps: current's collection, absorption 

of relevant light, charge separation and flow relevant to charges. 

The below mentioned steps convert solar energy into voltage and current. 

1) In the fust step the dye molecules get excited when exposed to sunlight (s*). As a 

result, promotion of electrons does occur to states having relatively greater amount 

of energy from the previous default states of energy. The absorption of almost all 

dyes does take place at 700 nm ofthe wavelength, and which in turn almost equalizes 

the photonic energy levels at a value near about 1.72 eV30. 

S + photon (hv) ---+S * (excitation) ........................ (1.1) 

2) The basic contrast determines among various levels referring to LUMO and HOMO of 

the dye molecules determines how much photo current a DSSC can generate. 

Photoanode' s conduction band, which is inherently active at certain levels which 

further do fall below the LUMO states adjacent to dye, is the place where electrons 

whose excitation has already been done are placed, and therefore, photosensitizer 

content' s oxidation is carried oueo. 

S* ---+ S+ + e- Ti02 (injection) ...... ............ .......... (1.2) 

For kinetically favorable injection of electrons into LUMO of photoanode the LUMO 

of dye should have negative energy as compared to the LUMO of photoanode. 

3) These injected electrons are then diffused through photoanode and move through 

external circuit and reaches towards counter electrode by dissipating their energy to 

load3o. 

4) The consequent regeneration or reduction of the inherent default state belonging to a 

specific dye is carried out only when the electrolyte (I-3) does serve the function of 

collection of respective electrons and their original source if more specifically the 

electrode which does act as counter and finally, its reduction to (n does take place. 

As a result of accepting an electron from the 1- ion redox mediator, the regeneration 

of dye takes place3o. 

S+ + e- ~ S (regeneration) . . .... ....................... . . . (1.3) 

S+ + 31 - ---+ 2S + r3 (regeneration) ...... ...... ............ (1.4) 
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As a result, the ions of iodide (1") which are already present within the medium 

regarding electrolyte therefore help in the regeneration of dye and also prevent the oxidized 

dye to recapture the electron of conduction band. 

5) The oxidized mediator (I-3) does make amendments for electrons that have already 

been lost from the electrodes acting as counter and it furthermore breaches the 

boundary adjacent to cathode, ultimately making the reduction of (I-3) into much 

simpler (1") plausible. The usual visible indicator for completion of a certain circuit 

is provided by subsequently when all of the (I-3) have been completely reduced and 

as a result almost all of the (r) are generally regenerated at the surface parallel to 

cathode41
. 

1-3 + 2e- ~3I- (reduction of electrolyte) ................... (1.5) 

The use of liquid electrolytes as a charge carrier transporter offers maximum efficiency 

for DSSCs. But the use of liquid electrolytes offers certain limitations which includes 

solvent leakage, volatilization, photo-degradation, dye desorption, corrosion of counter 

electrode and ineffective sealing of cells. Due to these above drawbacks of using liquid 

electrolytes, these are replaced with stable solid or quasi-solid electrolytes leading to the 

formation of Solid State DSSCs. 
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Figure 1.11. Working principle and energy levels distribution for Nanocrystalline 

DSSC30
. 
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1.10.2. Solid State Dye-Sensitized Solar Cells 

In these cells, a material responsible for conduction of relevant holes, which is 

usually an organic conductive polymer, is used instead of the liquid electrolyte. The 

structural properties, working mechanism and charge transferring mechanism in these cells 

are like that of photo-electrochemical solar cells. But in contrast to other PEe cells, there 

is an absence of charged ions within the electrolyte, rather hole transfer takes place directly 

between the source responsible for providing holes and dye, meanwhile the necessary 

transportation of holes to a metallic counter electrode does take place sequential jumping 

among the available electronic states on the organic molecules42 . 

1.10.2.1. Structure and operation principle 

Whenever a hole conductor electrolyte that is solid state in nature and it is further 

present with a singular layer corresponding to a certain dye that is involved in the process 

of charge transfer and moreover, both of these are stuck to outer surface adjacent to film of 

Ti02 which in turn is itself nanocrystalline in nature. Photo excitation of given dye does 

provide a basis for the Insertion of an electron into the Ti02's conduction band. Thus, 

restoration of the dye's original shape and state is achieved quite fruitfully, and this happens 

owing to hole conductors which do provide the task of donation of electrons. Further 

interception in the process by which a dye that is already oxidized and does perform the 

task of recapture of electrons belonging to conduction band does take place by virtue of 

hole conductor which favors the constant regeneration related to sensitizer substance. As a 

result, regeneration of conductor hole is carried out in turn at counter electrode and 

completion of circuit does occur with the aid of activity of migration of certain suitable 

electrons39. 

• In hole conducting polymer, the flow along with movement of respective holes 

tends to be very low as relative to the movement of ions in liquid electrolyte, 

which results in greater interfacial electron-hole recombination rates . 

• Also, in comparison with liquid electrolyte, low interface interaction in hole 

conducting medium and larger distribution of trap sites inside the polymer. 

Due to this overall conversion efficiency decreases. However simple and easy 

fabrication processes and low expenses encourage researchers to be active in this area. 

23 



1.10.3. Nanotechnology in DSSCs 

In many respects, nanotechnology is essential in increasing cell's efficiency by 

providing, 

>- Higher surface area 

>- Tunability of band gap 

1.10.3.1. Higher Surface Area 

When our material size is significantly reduced to the nano scale, which is in turn 

10-9 in meters from a prior level of bulk, a dramatic and rapid increase in surface area 

occurs with respect to the same as well as equal amount of the tested substance. As a result, 

the nanoparticles display intriguing physical and chemical characteristics that were 

previously unknown in bulk substances. The huge number of surface atoms for a 

nanostructure does make the chemical reactivity related to concerned nanomaterials 

stabilize and increase to a far greater extent43 . There are more active sites for the adsorption 

of a substance on nanoparticles with greater surface area. Numerous applications, including 

storage devices related to energy, solar cells, catalysis that is chemical in nature, etc., take 

advantage of this resulted increased surface area referring to our most concerned 

nanostructures. 

1.10.3.2. Band gap's tunability 

The arrangement of single molecule generally does range in size from a value of 10 

to 500 nm. Few atoms or molecules are assembled to form nanoparticles. Nanoparticles are 

really referred to as "artificial atoms/molecules". Quantum mechanics can be used to 

describe the features of our prepared nanostructures as well as nanoparticles that are linked 

to probabilities related to electricity along with levels of energy43. The lowest threshold 

energy that must be provided to an electron for excitation depends on the nanoparticle's 

subsequent size, which impacts the electron's confinement related to quantum mechanics. 

Thus, by varying the size of the nanoparticles, that particular light's wavelength whose 

absorption is taking place at the moment may be modified43 . 

In many respects, nanotechnology is essential for increasing cell efficiency as 

discussed below. 
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1.10.3.3. Nanostructures as Semiconductive Metal Oxides 

When used as semiconductor materials, nanostructures offer several benefits over 

bulk materials. The ability of the nanostructures to adsorb dye is substantially increased 

since they have a bigger surface area than bulk materials. The efficiency of solar cells 

increases due to greater dye adsorption's impact on higher light harvesting. One­

dimensional (I -D) nanostructures and nanoparticles are the two basic categories for 

semiconductor materials utilized in DSSCS43. 

1. Nanoparticles 

For the adsorption of dye, nanoparticles can provide a greater surface area which 

corresponds to better light harvesting. The use of semiconductor nanoparticle material 

rather than bulk material can significantly increase the efficiency of the cell. Therefore, the 

morphology and structure of the nanoporous layer will determine cell performance. 

However, because the nanoparticles have grain boundaries, the mesoporous semiconductor 

particles used in DSSCs experience "recombination of electrons that are already excited". 

Furthermore, the recombination of inherent charges does happen to the nearby electron 

acceptors and that too by the semiconductor's CB. In order to prevent the leakage as well 

spilling of electrons present in conduction band further to electrolyte, one method of 

decreasing charge recombination is to surround the nanoparticle with an exterior energy 

barrier44
. 

2. One Dimensional (I-D) Nanostructures 

Only because of the simultaneous occurrence of a recombination as well transport 

involving electron process, a DSSC's efficacy and accuracy calculating part tends be a more 

specifically suitable photoanode. Nanofibers, nanowires, and nanotubes are I-dimensional 

(I -D) nanostructures that exhibit improved electrical conductivity. This is because 

electrons have a direct passage to the surface, resulting in a longer diffusion length than in 

nanoparticles. In a I-D nanostructure, the grain boundary is minimized and can function as 

a single crysta145
. It has been found that the rate of recombination in nanotubes is 10 times 

slower than that in nanoparticles. Due to their lesser surface area than nanoparticles, liquid 

electrolytes penetrate the I-D lattice less readily . 
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1.10.4. Synthesis of Nanomaterials 

The subsequent creation of materials in the nano size range relies on two distinct 

techniques, typically bottom-up and top-down, that have an impact on the synthesis 

process. 46. The selection of method for obtaining nanoparticles depends upon the 

morphology and applications of the material to be manufactured. The incident spectrum 

that is made available to the solar cell must be changed for up or down-conversion46. 

1.10.4.1. Down-Conversion (Top-down method) 

A single photon owning energy in the higher state will split and break part into 

photons which are two or more in quantitatively during down conversion, and the solar cell 

may then use these photons to hole electron pairs in certain numbers which will happen to 

be two or more47. 

1.10.4.2. UP-Conversion (Bottom-up method) 

Up conversion is the process of combining two or more low energy photons into a single 

photon that the solar cell may use to create an electron hole pair47. 
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Figure 1.12. The schematic diagram for the representation of Top-down and Bottom-up 

conversions for the fabrication of nanomaterials48. 
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1.11. Introduction of Components of DSSC 

Some of the crucial components that we utilized while assembling a desired dye 

sensitized solar cells are given as follows . 

1. Semiconducting nanoparticles (NiO) as photo anode 

2. Dyes (Carminic Acid, Coomassie Violet R200, Arsenazo III) 

3. Electrolytes (Poly-3-hexylethiophene P3HT, PEDOT: PSS) 

1.11 .1. Semiconducting Photo anode Material 

The DSSCs' structural core is made up of metal oxides. They serve two crucial 

functions as dual function materials: (i) they do serve the purpose of being certain centers 

that tend to be naturally photoactive centers, and which can further be modified by the 

virtue of dye, while (ii) They operate as a pathway for electrons from dye molecules that 

are still photo excited to transfer to contact at the back as well. Therefore, a greater available 

extent of porosity as well as surface area that are required for efficient, accurate and facile 

loading of desired dye, excellent and far more reaching features related to the scattering of 

light and an effective as well as influential level of crystallinity for a facile transport of 

already present electrons make up key variables useful for determination of efficiency 

linked to activity of photovoltaic of our DSSCs. An essential need for the ele~tron injection 

is the proper alignment of the conduction band (CB) edge that belongs to the 

semiconductor material with respect to the dye's LUMO. Effective electron injection 

becomes impossible in certain cases like whenever LUMO of the dye is equal or lower than 

the CB of semiconductor 's material45. 

1.11.1.1. NiO Nanoparticles 

Nickel oxide NiO is a cubic lattice structure transition metal oxide. Due to its 

potential for usage in several applications, including electro chromic films, catalysis, gas 

sensors, magnetic materials, and cathodes of battery, it further has gained growing interest. 

Additionally, it is widely considered for its utilization in photocathodes that are still dye­

sensitized in nature. It does display a range of production options, electrochromism linked 

to subsequent anode, a greater value of optical density related to spin and outstanding 

stability as well as endurance related to a particular electrochemical system. NiO 
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semiconductors tends to rise as a domain of substantial scientific interest in the new areas 

of particular study due to their low material cost as a material who can efficiently as well 

accurately utilized for serving the purpose of storage material49
. Nickel oxide that is 

nanocrystalline in size is anticipated to possess much superior qualities to nickel oxide 

nanopartic1es that have their sizes in the range of micrometer and this does happen due to 

the macroscopic quantum tunnel effect, the effect created as a result of size in quantum, 

effect arising because of volume and the effect produced due to surface50
. 

Ni 

o 

Figure 1.13. Structure ofNi051
. 

1.11.2. Dyes as a Photosensitizer 

The dye is crucial in making the semiconductor sensitive to absorption in particular 

infrared as well as visible ranges of certain spectrum related to solar power. For this reason, 

a few requirements; including the already present chemical potential linked originally to 

redox system of corresponding electrolyte, a broad spectrum related to absorption, non­

toxicity, a plausible matching of edges related to VB and CB od in-use semiconductor 

respectively to the LUMO and HOMO levels adjacent our employed dye and substantial 

stability, must be satisfied at the same time. The almost full amount of the light that is at 

lower level corresponding to a level lower than the minimum required wavelength must be 

absorbed by the ideal sensitizer. Additionally, it must behave as a possessor of have an 

influential orbital bonding as well as interactions with the nanoparticles of nickel oxide. In 

this work, some of the dyes such as Carminic acid, Coomassie Violet R200, and Arsenazo 

III, were used to increase the optical property of pure and doped NiO nanoparticles. These 
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dyes adsorbed on the surface of nanoparticles and act as photosensitizer to enhance their 

corresponding optical properties. 

1.11.2.1. Carminic Acid Dye 

An organic dye with a blood-red color. Its molecular formula is C22H20013 with a 

core consisting of anthraquinone bonded to a glucose sugar. Carboxyl, hydroxyl, and 

phenolate groups make up the structure of carminic acid. Due to its strong anchoring groups 

and high oxidation states in excited condition, carminic acid is considered as an efficient 

sensitizer for DSSCs. Phenolate group is an electron source in carminic acid while the 

hydroxyl and carboxyl anchor to the semiconducting photoanode materials2. It is present 

in a number of species of scale insects called cochineals, such as Dactylopius coccus. It 

has vast applications in cosmetics, drinks, food, and pharmaceutical products. 

OH 0 

OH 
HO 

OH 

Figure 1.14. Structure of Carminic Acid dyes3 . 

Table 1.1. General properties of Carminic Acid dye. 

Molecular formula C22H20013 

Molar mass 492.39 g/mol 

The particular dye of carminic acid tends 

to seem like dark red, bright red or a mass 

of dark purplish brown in color, powder. 

Appearance The color associated with it tends to 

generally darken at a temperature of 248 

of. It does own a violet to yellow like type 
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of color when submersed in aqueous 

solutions having a pH in range of acid, 

while in water, it does exhibit a deep red 

type of color. 

Melting temperature 136°C 

Extent of Solubility while 1.3g/ L 

employing water as solvent 

1.11.2.2. Coomassie Violet R200 Dye 

It is an anionic organic dye and it has various applications in leather, textile, rubber, 

cosmetic, printing, paper and plastic industries to color the products54
. In the structure of 

comassie violet R200 sulphonic acid group (-S03H) is acting as an anchoring group. 

o 

Figure 1.15. Structure of Coomassie Violet R200 dyes4 . 
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Table 1.2. General properties of Coomassie Violet R200 dye. 

Molecular formula C41H44N3Na06S2 

Molecular weight 761.93 

Molecular structure triarylmethane class 

Bright blue purple or deep navy powder, 

Appearance easily soluble in water and ethanol. Purple 

in water and violet blue in ethanol. 

1.11.2.3. Arsenazo III Dye 

Arsenazo III, a chelating indicator dye55. This dye has already been investigated for 

the purpose of detection related to calcium that is naturally present in tissues and cells along 

with its presence in solution56. It is safe to be said as a selective as well as efficient, sensitive 

and facile chemical for its subsequent purpose related to calcium57. The sulphonate group 

(-S03H) in its structure acts as an anchoring group. 

OH OH 

o 
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Figure 1.16. Structure of Arsenazo III dye56. 

Table 1.3. General properties of Arsenazo III dye. 

Molecular Formula C22H18As2N4014S2 

Molecular Weight 776.37 

Solubility in solvents Soluble in alcohol as well as water 

Melting temperature >320°C 
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The advantages attained by making use of organic dyes arc: 

I . They do possess a greater value of coefficient linked to absorption where moreover 

plenty of transitions of the lype 1t~'1t* do take place within our in~use dye's molecules. 

2. Designing and modifying dyes with the help of oontinually changing structures and 

modifying the associated range and limit of the relevant wavelength linked to the 

phenomena of absorption, 

3. Does not use meta] and has no resource restrictions. 

4. Enables synthesis and is less expensive than organic metal dyes. 

1.11.3. Electrolytes 

Electrolytes are a crucial component of the DSSC because they regenerate the 

oxidized sensitizers and. as a result. make possible the flow which is smooth as well as 

continuous of electrons between electrode linked to pholOanode and the electrode acting as 

a counter, completing given electric circuit. Celiain familiar electrolytes which can be used 

for practical purposes in DSSC are able to be categorized into classes of quasi~so lid , liquid, 

Or solid slates and these in tmn have fur ther their origins based on the viscosi ty along with 

composition of already present components. Since the elec trolyte related to redox couple 

which further consists of iodide/triiodide (1-/1-3) owns a distinctively slow recombination 

rate, it is extensively investigated41
. Leakage is the main problem of using liquid 

electrO lytes. That is why. DSSC in the avai lable nature of solid state which are further 

denoted by (s~DSSC). in which the tasks related 10 electrolyte are substantially carried out 

with the virtue of material that is organic in natllre and is employed for hole-transport, has 

been developed to address this drawback. 

1.11.3.1. Poly-3-bexylthiophcnc (P3RT) 

P3HT is an organic semiconducting polymer and belongs to the polythiophenes 

(having polymerized thiophene monomer) fami ly. In solid-state DSSCs P3HT acts as a 

redox electrolyte because of its ho le conduct ing properties. Charged units which act as hole 

carriers are produced, when P3HT is doped with p~type dopants like organic acids and 

halogens. 
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S n 
Figure 1.17. Structure ofP3HT5l1 , 

In organic so lvents, P3HT shows a broad absorp tion ma'(imwn at about 550nm. The 

absorption spectra of P3HT shows hypochromic and batbochromic shift as it depends upon 

the length of conjugated systemS9 , The con'esponding band gap does tend to make a rise 

and that in tum is associated with a certain improvement in the lengtil of conjugated system. 

hence the absorption peak shi fts towards the longer wavelength end. In the same way, our 

in-use band gap tends to fall in value and following is regarded with a drop in the length 

of conjugated system and as a result the absorption peak shifts towards lower wavelength 

end. There are various factors that may affect the length of conjugated system such as 

temperature, so lvent etc. P3HT does have efficiency to play almost equal part in solid-state 

OSSCs, as compared to electrolyte consisting of liquid tends to carry out in liquid state 

OSSCs. Lf the respective level of LUMO of hole conducting polymer is more in eXI.enL as 

compared to the LUMO level of the dye, it can perform its function effectively. 

PJHT p lays (wo important functions in DSSCs. 

1) By accepting holes from dye, it carries them towards counter electrode. 

Z) It also contributes to the generation of photo current. 

1.11.3.2. PEDOT: PSS 

Poly (3,4-ethylenedioxythiophene) polystyrene sulphonate consists of two 

ionomers; one of the ionomel's is negatively charged sulphonated polysty rene as the 

suJphonate group loses a proton, and the other ionomer is PEDOT [poly(3,4-

cthylenedioxythiophene)] which carries a positive charge. This polymer is transparent and 
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conductive. A macromolecular structure is formed by the combination of these two 

oppositely charged components60 as shown below. 

* 

Figure 1.18. Structure of PEDOT: PSS61. 

The conductivity of PEDOT: PSS is about 1000 S/cm which can be further 

increased by its treatment with various compoUflds such as geminal diols, ethylene glycol, 

acids, and phenol etc. This polymer offers several applications such as used as an antistatic 

agent in photography and used as a conductive polymer. The stability of device is improved 

by thin film coating ofPEDOT: PSS on the surface of conducting substrate (ITO) that does 

fulfil the purpose of hindrance to certain extent of diffusion regarding oxygen and indium, 

that too is in practical condition only because of anode. It also has the potential to smoothen 

the surface of the conducting substrate61 . 

1.12. Characterization of Solar Cell by Current-Voltage Measurements 

The power conversion's efficiency, stability, and cost serve as the indicators ofDSSC's 

performance. The characterization of solar cell does involve the study of, theoretical power 

that is PT, open circuit voltage which is Voc, energy conversion efficiency expressed by l'\., 

maximum power point that is shown by Mpp, current at maximum power (IMPP or Imax), 

voltage at certain point referring to maximum power as is expressed by V MPP or Vmax, 

current density due to short circuit represented by Jsc and fill factor denoted by FF, and to 
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assess the efficiency of fabricated cells. Some standard conditions have been assigned to 

investigate the performance of the fabricated device which include spectrum, intensity of 

light, and temperature41
. 

• Fill Factor (FF) 

• Short Circuit Current Density (Jsc) 

• Maximum Power Point (Mpp) 

• Open Circuit Voltage (Voc) 

1.12.1. Short Circuit Current Density (Jsc) 

The short-circuit current (Isc) is the current flowing through the solar cell when there is 

no voltage across it (i.e., given cell tends to be in environment of short circuit) is termed 

as short circuit current density (Jsc). It is abbreviated as Isc or Jsc, which does further serve 

the function of expression of current that is generally available per unit area with having 

units of mAlcm2
. Various parameters such as the volume of incident photons, the solar 

spectrum, optical qualities like reflection and absorption, and the surface area including 

that of our solar cells as well can also be utilized for providing a control for current density 

arising due to short circuit and explain the properties like carrier separation and transport 

efficiency. The Jsc is affected by the relationship between the absorption coefficient 

belonging to dye sensitizer, dye sensitizer itself and photo anode overall. Hence, the 

following characteristics decide the high Jsc values: 

• The strong dye adsorption that extends over a long distance as well as limits of available 

amount of sunlight. 

• A greater insertion of available number of electrons into CB that is further relevant to 

our prepared photoanode, by photo excited dyes. 

• The successful regeneration of the dye that has already been oxidized and that too by 

the aid OfI-41. 
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Figure 1.19. Graphical representation of Jsc 62 

1.12.2. Open Circuit Voltage (Voc) 

The maximum available amount of voltage that can be garnered from a certain solar 

device is called V oc and is defined as the maximum value of the potential difference 

between two electrodes when resulting circuit is not closed (J=O) and is ultimately facing 

the consequences of illumination. Voc is due to the difference in the two electrode's work 

function. The difference in amount of all available energy between the respective 

photoanode's fermi level and that of available material making electrolyte defines the V oc. 

If under illumination, unfortunately the circuit is generally an open one (J=O) current is no 

longer able to flow and under these circumstances, the voltage tends to be at the maximum 

plausible value and is subsequently referred to as the voltage present due to an open circuit 

(Voc). Generally, the photogenerated current is produced when the circuit is reverse biased. 

Mainly because of a sharp but regular rise in corresponding values of voltage that is 

generally forward biased, travelling of current that is photogenerated tends to fall and a 

certain time reaches where current flow becomes zero and at this stage the voltage is called 

open-circuit voltage. 
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Figure 1.20. Graphical representation of V oc 62. 

1.12.3. Maximum Power Point (Mpp) 

It is the respective point that corresponds to the maximum plausible value related 

to multiplication product of current and voltage at our given curve regarding I-V. So 

corresponding maximum power point (Mpp) increases and reaches its maximum value with 

an increase in voltage. It has nil value at the respective point of open circuit (V=Voc) as the 

current density also tends to become zero and also void at the point of short circuit (I=Isc) 

since the voltage becomes nothing at this point. The maximum power that a solar cell is 

capable of producing is represented by the equations V=Vmax and I=Imax. The point 

related to maximum power (Pmax), or the point of generation of maximum value of power 

in electrical form, corresponds to the point because of inflection of a conventional curve of 

I-V. 

Mpp Vmax x/max ................................. (1.6) 
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Figure 1.21. I-V curves showing maximum power point62. 

1.12.4. Fill Factor (FF) 

The term fill factor (FF) tends to be identified as the ratio between power referring 

to maximum point and product of the voltage due to open circuit (Voc) and the current 

because of short circuit (Isc) . It is abbreviated as FF and gives information about the overall 

output activity ofthe photovoltaic cell. The solar cell's quality is measured by the fill factor 

(FF). It is difficult to calculate maximum power from cell because both Jsc and Voc never 

gives maximum value at same time as both the parameters are interdependent and the 

maximum value of one makes the other zero. So, another parameter fill factor is introduced 

to overcome this difficulty of measuring the maximum power of the cell. Its value ranges 

from 0 to 1. 

FF = VMPP· IMPP ............................ .... .... (1.7) 
Voc · lsc 

1.12.5. Efficiency related to Solar Cell (It) 

The most important characterization parameter in relation to a solar cell is its 

efficiency (rD and it can broadly be defined as the ratio between the maximum power that 

has already been produced (Pmax) and the power (Pin) that is incident or the power of 

incident photon. More precisely, it is gotten by division of output energy obtained from 
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corresponding solar cell in our use with energy in form of input that is ultimately coming 

from the sun30
. 

Efficiency of a certain solar cell (It,) = Output Power (Pmax)/Power of incident 

photon (P in) 

1] = FFx Vocx/sc X 100% .................................. .. ... (1.8) 
Pin 

The efficiency of solar cells is directly related to Isc, V DC, and FF which indicates 

that an increase in these parameters will surely cause a betterment in the ability of 

considered solar cells and vice versa. The measurements regarding the efficacy of a 

particular solar cell are performed under the incident power of 100 mW/cm2 which almost 

equals irradiance value in relation with spectrum linked with AM 1.5. The efficiency of 

solar cell (1)) gives information about the light conversion into electricity, photovoltaic 

parameters, and the generated power of DSSC. 

1.12.6. Air Mass 

The efficiency measurements of almost all solar cells are carried out under 

conditions of AM 1.5. These AM 1.5 conditions correspond to the incident radiation of 100 

mW/cm2
, and this irradiance of solar spectrum exists on a clear shiny and sunny day. AM 

1 is the shortest distance that sunlight can cover through the atmosphere, and it happens 

when the sun is exactly above the head during midday. AM 1.5 condition means the 

sunlight can cover the distance through the atmosphere which is 1.5 times larger than that 

of AM 1 condition. 

The air mass can be calculated using the formula below. 

1 AM =- ... .... ........ . ....................... (1.9) 
Cos8 

Here e is termed as angle of zenith and it has value of 48.20 for AM 1.5 and 00 for 

AM 1 conditions. 
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Figure 1.22. Air Mass. 

1.12.7. Ohmic Resistances in Solar Cells 

Ohmic resistances are of two types, one is series resistance and the other is shunt 

resistance. These resistances affect solar cell efficiency. 

1.12.7.1. Series Resistance (Rs) 

It is the resistance experienced by the electrons when they come across each other 

while passing through different component layers of the cell such as counter electrode, 

electrolyte etc. Or the resistance which is experienced because of interactions of electrons 

present at the interface of semiconductor material63 . The voltage is decreased at much 

greater values which are in turn corresponding to resistance of series (Rs) and hence it does 

result in the fall of value related to the fill factor (FF). 

1.12.7.2. Shunt Resistance (Rsh) 

It is the resistance that appears at the donor-acceptor interface. The shunt resistance 

(Rsh) arises due to the current leakage because of recombination process at a certain 

junction of the cell which is p-n. The decrease in shunt resistance (Rsh) does cause a drop 

in FF as it does account for subsequent losses in our corresponding cells by making 

arrangement of an alternate route for required generation current. 

40 



series resistance 
- --41 ... 

Voltage 

Figure 1.23. Impact of Series and Shunt resistance64 • 
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1.13. Literature Review 

DSSCs prove to be al1 effecti ve techno logy for future energy supplies. [n contrast 

to the customary solar cell s of silicon. DSSCs are generall y customized .::I t a much lower 

cost and provide substantial power conversion efficiency (PCE)65. Semiconducting metal 

oxide nanoparlicies are we ll known to be used in catalysis, photodetectors, light emitting 

diodes, optoelectronics, and solar cell s. Several wide band gap semiconductors are used in 

DSSCS66 . The material perfOiming the function of photo anode does playa significant part 

In deciding given efficiency of DSSCs as it becomes responsible fo r emission of electrons. 

As a result, significant effort has been put into deve,loping innovative materials that have 

greater ti ght absorption, high electron mobili ty, and a wide surface area for dye absorption. 

NiO is a large band gap p~type semiconductor material (Eg=3.17eV) due to which NiO 

turns out to be acceptable host materi al. NiO is a crucial cubic lattice structure transition 

metal oxide61 . Due to its potential for usage in several applications, including magnetic 

materials> battery cathodes, electrochromic films, catalysis and gas sensors68. So far. it 

already has gained growing interest as reported by Khodair, Z1. ef a169 . Nanocrystall ine 

NiO is anticipated to have much more superior qualities than tbe nickel oxide nanoparticles 

having size in range of micrometer and this becomes plausible owing to the macroscopic 

quantum tlllmei effect, vo lume effect, the surface effect and the quantum size effect as 

studied by EI-Kemary, M. ef a/50• 

The effective doping of transition metals slIch as Ag+2 and Zn+-2 into N iO to change 

its electronic sU'ucture has been reported. By doping, the light harvesting efficiency of the 

devices have improved because it extends the absorption spectra into the v isible regioll70 • 

The material doped with metallic ions offers less electron· hole recombination as compared 

to the ulldoped N i07J . For perfO[ming the quick as well as efficient separation operation 

between holes and eleclroJ1S; doping ions provide the sink. The band gap ofNiO is either 

red uced or increased by the metal concentration. Through the use of diverse NiO·based 

materia ls and a variety of dyes, the total sunlight harvesting effi cacy regarding our desired 

dye·sensitized solar ce lls has increased over time7l. 

Farooq, M. ef al. did report' in their original work, the experimental preparation of 

N iO NPs by application of sol-gel technique and that too by making use of nickel nitrate 

hexabydrate as precursor salf3. NiO nanoparticles are thought to be simple to make by 
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substituting positive transition metals, such as Ag and Zn, to bring the absorption at longer 

wavelength region74. Al Boukhari, J. et al. did intentionally report fruitful preparation of 

NiO NPs whose doping has further been performed with the aid of metal ions specifically 

nickel oxide NPs being doped with zinc and further synthesized by a method taking into 

account co-precipitation at calcination temperature 550 °C75. 

Ghazal, S. et ai. reported the effective formation of nickel oxide NPs further doped 

with silver through sol-gel preparation method and she did make use of AgN03 and Ni 

(N03)2· 6H20 as a valuable origin for silver along with nickel. The materials that were 

prepared while considering above mentioned steps were further used as photoanode in 

DSSCs. The maximum efficiency of 1.50% was attained by photoanodes with an ideal 

metal content 76 . 

Using different dopants has increased current density, as reported by most studies, 

although a significant rise in the value regarding voltage (open circuit) has received less 

attention so far. The resulting difference that does arise in the values regarding the redox 

potential corresponding to electrolyte's materials and subsequent quasi fermi level referring 

to oxide of metal when exposed to light determines the open circuit potential77 . So, in order 

to change the electrical structure ofNiO. Voc might be increased by elemental doping78 . 

It is well-known that dye adsorbs on semiconductor's surface generates electrons, 

which are then transferred to photo anodes by semiconductor material. Therefore, attempts 

have been undertaken to increase the photo-conversion efficiency through improving light 

absorption, increasing electron-hole production, or expanding optical absorption into the 

visible spectrum37 . 

The optical absorption is increased when Ru-based dyes are used as sensitizers, but 

their cost is very high79. To address the economic difficulties, research has been done on 

natural dyes, metal-free organic dyes, and metal complexes. 

In recent years, cost-effectiveness has been increased by using various metal-based 

complexes and organic dyes. Karnil, A.F. et ai. did report the inherent preparation of 

nanoparticles belonging to NiO with the aid of photo irradiation (photolysis)8o, the standard 

p-type semiconductor used as photoanode in p-DSSC. Cibacron brilliant red B is a 

synthetic dye that belongs to the azo dye family, was reported which was used as a 

photosensitizer for making an improvement in the efficiency of corresponding DSSCS81 . 
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Ansir, R. et al. reported utilization of an organic dye i-e; canninjc acid as an eflective 

sensitizer in dye-sensitized solar ceJls. Due to its strong anchoring groups and exceptional 

oxidation potential in the exci ted st.ate, computa60nal studies have demonstrated the 

effectiveness of carminic acid far perfanning the task of sensitizer in a recently deve loped 

dye-sensitized solar ce ll s82. 

The DSSC manufacturing structw·c also plays a beneficial pal1 in limiting the 

commercialization of these devices, fmthennore, even after excepting the photoanode 

materials and sensitizers. Due to its instabili ty and to" icity, liquid electrolyte 1'/1"3 usage 

results in a reduction in overall effi ciency. The dye sensitized solar cells in solid state Conn 

, whjch does utilize polymers suitable for conduction of holes like P3 HT and PEDOT: PSS 

as an electrolyte, are the solution to this issue17 . 

TIle solid-state DSSCs have higher portability and durability than liquid state 

DSSCs, but they have much lower efficiency. The introduction of novel photoactive 

materials and specific dyes is a successful strategy for making a substantial ri se in the 

activity of a given so lid state DSSCs. The durability referring to solar ce lls has also been 

made sufficiently well by making the use of a certain solid-state electrolyte or a general 

quasi-solid electrolyte. To develop potential electrolytes for photochemical cells, Polymer 

blending is the best route. 

The use of polymer gel electrolyte for DSSC was reported by Aram, E. el al. which 

contains PEO/PMMA. Using DSC. the temperature effect on ionic conductivity was 

studied. A sigllificantincrease in the stability of devices was observed8) . 

To replace liquid electTOl yte, the blended heterojunction ofP3HT was used reported 

by Vue, Gentian. et 01. It was shown that this blend not only increases stability but also 

increases solar spectrum absorption into the visible range. Using this electrolyte, a photo­

conversion efficiency of 1.4.3% was obtained84 , 

In DSSCs, [or Titania films. the role of P3HT as an electrolyte was investigated by 

Lin, song. et of. The enhanced stabi li ty of devices was observed in the presence of P3HT 

electrolyte8s. 
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1.1-'. Aims and Objectives 

The potential aims and objectives offollowing research work are to synthesize. cost 

effecti ve and highly effici ent NiO based -photoactive materials and then further utilization 

of these photoactive materia ls in heterojullclion dye sensitized solar ce ll devices" 

1.15. Work Plan 

To achieve these aims the fo llowing work plan is adopted . 

• To synthesize and characterize small band gap nanostruclured photoactive materiaL 

• To investigate the efficient functionali zation of nanoslructures with various organic 

dyes and the impact of various parame ters on the photoconversion efficiency ofDSSes. 

• To study the photovoltaic performance of photoactive materials by using solid state 

electrolyte. 
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Chapter 2: Experimental 

2.1. Experimental 

The following chapter contains information regarding utilized chemicals, 

followed experimental procedures, and characterization methods used to synthesize 

nanostructured materials. The optical, morphological, and structural properties of the as­

synthesized materials were taken into consideration. Such properties are further discussed 

in the section that follows. 

2.1.1. List of chemicals 

The table lists the chemicals utilized in the synthesis. 

Table 2.1. List of chemicals utilized for material synthesis. 

SrNo. Compound Chemical Molar mass Percentage Supplier 

name Formula (g/mol) Purity 

1 Nickel NiCh.6H20 237.69 99.9% Sigma 

Chloride Aldrich 

Hexahydrate 

2 Sodium NaOH 39.99 >98.0% Fish 

Hydroxide CHEM 

3 Silver Nitrate AgN03 169.87 97.8% AnalaR 

4 Zinc Nitrate Zn(N03)2 >97.0% Sigma 

Aldrich 

5 Carminic C22H20013 492.39 99.0% Sigma 

Acid Aldrich 

6 Coomassie C41H44N3Na06S2 761.92 98.9% Sigma 

Violet R200 Aldrich 

7 Arsenazo III C22H1SAs2N4014S2 776.36 99.2% Sigma 

Aldrich 
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2.2. Synthesis of Materials 

The synthesis of NiO based nanoparticies has been done by adopting the Co­

precipitation method. 

2.2.1. Synthesis of pure NiO nanoparticles 

The synthesis of pure and transition metals (Ag & Zn) doped nickel oxide NPs was 

done by using co-precipitation technique. Following pathway is adopted. 3.2g of nickel 

chloride hexahydrate was dissolved in 30ml of deionized water in a two neck round bottom 

flask. Magnetic stirrer was used for stirring the mixture for about 15 minutes for the 

complete dissociation of salt in the solvent. A green color solution was formed. Take Ig of 

sodium hydroxide in 25ml of deionized water and then dropwise transfer of this solution 

into the reaction mixture with the help of dropper along with constant magnetic stirring, 

precipitates begin to form. The stirring ofthe above reaction mixture is carried out for about 

2 hours and kept for 24 hours. Green color precipitates of nickel oxide nanoparticies were 

settled at the bottom of flask. The obtained green color precipitates were then washed for 

a lot of times utilizing deionized water and ultimately dried by an oven at a temperature of 

80De overnight. The dried green color precipitates of nickel oxide nanoparticies were 

grinded into fme powder with the help of mortar and pestle and then calcined in furnace at 

500De for 3hours. The resultant black powder of nickel oxide nanoparticies was obtained73. 

NIONPs 

3.21 NiCl,.6H,o 11NeOH 

• • 
1-----.\ ::~~:u~:s ~ 2 hours 

NiC ,.6H,O Adjust 

In pH 9 

~ I 
Calcined at 
550 'C for 3 

hours 
I¢:=J 
I ¢=J I 

Green ppt of 
NiIOH), 

Dried at 
80 'C for 
18 hours I ~ 

Green ppt of 
NIIOH), 

D 
Washed with 

deionized wate r 

Figure 2.1. Schematic representation ofNiO NPs synthesis. 
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2.2.2. Synthesis of transition metals (Ag & Zn) doped NiO NPs 

• For Ag doped nickel oxide nanoparticles, weighted (1 -6) percentages of silver nitrate 

in deionized water were added and stirring of resulting mixture was done well to get an 

almost homogenous kind of solution, transparent color of final solution was obtained. 

And for Zn doped nickel oxide nanoparticles, weighted (1 -6) percentages of zinc nitrate 

in deionized water were added and again stirring was done to a good extent for 

attainment of a homogenous type of solution, again transparent color solution obtained. 

• Then 3.2g of nickel chloride hexahydrate was added into the above-mentioned solution 

and stirring was continued for a time frame of about 20 minutes and subsequently 

repeat the above followed procedure. The resultant (1 -6) % composition of both silver 

and zinc doped nickel oxide nanoparticles was formed. 
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Figure 2.2. Schematic representation of transition metals (Ag &Zn) doped NiO NPs. 

48 



2.3. Functionalization (grafting) of dyes on pure and doped NiO NPs 

2.3.1. Solution preparation for dyes (Carminic acid, Coomassie Violet R200, Arsenazo 

III) 

To check the solubility, different solvents were used to prepare dye solutions. All 

the dyes stated above were completely soluble in deionized water. The preparation of 

various concentrations of Carminic acid, Coomassie Violet R200 and Aesenazo III ranging 

5 )..LM to 70 )..LM was done, and the results were examined using UV-Visible spectroscopy. 

2.3.2. Chemisorption of Carminic Acid, Coomassie Violet R200 and Arsenazo III on 

pure & doped NiO NPs 

For the chemisorption of above-mentioned dyes on the surface of nanoparticies, 

following steps were followed: 

In deionized water, 4 ml of I mg/ml solution ofNiO NPs was prepared in glass vial. 

In the 2 ml of above NiO NPs solution, 4 ml of dye 's solutions were added. For all the 

optimized concentrations i-e ; 70 )..LM of Carminic acid, 30 )..LM of Coomassie violet R200 

and 50 )..LM of Arsenazo III, the same composition was prepared as for above solution in 

separate glass vials. The solutions were stirred on a hot plate, the colors of the dyes altered, 

indicating chemisorption of the dyes onto the surface of the nanoparticies. 

For Ag and Zn doped NiO NPs, the previously indicated procedure was repeated. 

Pure & doped NiO 
NPs 

+ •••• 

•• 
Deionized water 

Nanohybrid 
Mate rial 

Figure 2.3. Photosensitization of pure and doped NiO NPs. 
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2.4. Fabrication of Solid-State Dye-Sensitized Solar Cell 

The manufacturing of DSSCs involves the steps below. 

2.4.1. Preparation of Active Layer of NiO and P3HT Solution 

Step-by-step procedure was followed to serve the purpose of preparation of the 

solution. 

For the formation of P3HT solution, 4 ml of chloroform was used to dissolve 80 

mg ofP3HT polymer. Then, in an atmosphere of argon, heat the above polymer solution at 

60 °C for approximately 15 minutes. Consequently, a P3HT solution with a 20 mg/ml 

concentration was prepared. The active layer of grafted NiO NPs was created by mixing 

the polymer solution with the grafted NiO NPs solution in an equal volume. The doped 

NiO NPs' active layer was made using a similar procedure. 

2.4.2. Substrate Treatment 

As a substrate, sheets made of glass having dimensions nearly about 3 by 2 cm2 

while their thickness was kept around 80 nm. Indium tin oxide was then used to coat these 

sheets. The small piece of ITO was de-coated for an hour using HCL, but the leftover was 

covered with scotch tape. After removing the acid, it was dried overnight in an oven. After 

one day passed, the protective Scotch tapes were taken off, and the substrate was cleaned 

with the aid of acetone that took in environment of an ultrasonic bath86. It was then prepared 

for PEDOT: PSS spin coating. 

2.4.3. PEDOT: PSS Spin Coating 

A thin film consisting of polymer that is further of p-type. PEDOT: PSS deposited 

at the surface of ITO to smooth the substrate's surface and facilitates hole conduction 

towards the ITO. The deposition of polymer on substrate's surface was done by spin coating 

of thin layer of conducting polymer for 50 seconds at 5000 rpm speed at an acceleration of 

7000 rpm/min after a little drop of the polymer was placed in the middle of the glass sheet8? 

Then, a small portion of PEDOT: PSS was de-coated by repeatedly washing with water. 

By spreading the polymer across a glass sheet owing to centripetal acceleration, uniform 

distribution of the polymer on the substrate's respective surface was made possible. The 
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ultimate substrate was subsequently annealed in an oven at 140 °C. Rotational speed, 

exhaust fumes, centripetal acceleration, etc. all affect the characteristics of a polymer 

film ss , 

2.4.4. Active Layer Deposition 

A hole conducting polymer P3HT and dyes (Carminic acid, Coomassie Violet R200 

and Arsenazo Ill) sensitized pure/doped NiO nanoparticles blend with a ratio of 3:7 

respectively was used as active materia189. On a PEDOT: PSS-coated glass substrate, a thin 

film of this active substance was spin coated while spinning was done at two distinct 

speeds. At first, the spin coater' s speed was maintained at 1500 rpm for 20 minutes, then it 

was lowered around 500 rpm. Repetiti ve spinning at 500 rpm was done to remove any 

leftover solvent to prevent the miscibility of the donor and accepter, which signifi cantly 

decreased the effic iency of solar cellss8 , 

2.4.5. Cathode Deposition 

Due to high conductivity of PI and AI metals, Pt or Al coated ITO were used as a 

counter electrode90. Pt was depOSited using a thermal metal evaporator under a 

highly vacuwned environment. Metal evaporator and cathodic contacts with a thickness of 

80 nm were utilized for effective cxtraction of electrons from the extemal circuit!!l. After 

completing all processes of manufachlre, the annealing of the respective device was calTied 

out for a time frame of 15 minutes and that too at a temperature of 90 DC and this was 

allowed to take place in presence of regu lar flow of argon gas which in tum does account 

for a uniform as well continuous distribution of respective blend (active) which is in tum 

related to morphology of itse lf. Soon after getting done with annealing the corresponding 

ce ll s were chilled under the regular fl ow of argon that too at the starting pint oftbe sintered 

tube made of glass for 15 minutes88 . Thus, the dye sensitized bulk hetero~j unct i on device 

was prepared for characteri zation. 
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Figure 2.4. Construction of ssDSSC88. 

2.5. Characterization Techniques 

The morphological, optical, and structural analysis of as-synthesized nanoparticles 

was done to check their potential for application in photovoltaic devices. 

2.5.1. Structural Characterization 

The structural analysis of synthesized material was done by using the following of all the 

available techniques related to characterization. 

~ X-ray Diffraction analysis (XRD) 

~ Fourier-transform infrared spectroscopy (FTIR) 

2.5.1.1. X-ray Diffraction (XRD) 

XRD in maximum cases is employed for the fruitful analysis of thin films as well 

as materials. The crystalline structure and purity of material was analyzed by using XRD. 

It is a highly sensitive analytical technique, and its efficiency depends upon the crystallinity 

of material. It is used for determining atomic arrangements in crystal and solid crystalline 

material structure. It may be utilized to give information about crystal defects, crystallinity, 

phases, and grain size. Information about morphology and optical properties of materials 
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may also be obtained92
. The atoms of the crystalline substance which are under 

consideration diffract the incident x-rays into many directions. Size distribution function is 

used to characterize completely the particles having nonuniform sizes. However, in 

majority of methods, the average particle size is investigated93 . 

0.2 mg of sample was used to assess pure and doped NiO NPs samples. PANalytical 

X-ray diffractometer model 3040/60 X'Pert PRO at an accelerating voltage and current 

was used. The samples were tested throughout a 28 range from 20° to 80°. Debye Scherer's 

equation was used for the determination of crystallite size of pure and doped nickel oxide 

NPs. 

Figure 2.5. X-ray diffraction beam and schematic diagram of x-ray Diffraction 

Analysis93 . 

2.5.1.2. Fourier Transform Infrared (FTIR) Spectroscopy 

A corresponding spectrum of infrared radiations belonging to either emission or 

absorption of a gas, liquid, or solid can be obtained using the above mentioned method of 

spectroscopy (FTIR)94. A wide range of high-resolution spectral data is simultaneously 

collected by an FTIR spectrometer. In FTIR a beam of light with multiple frequencies 

shines at the sample at once, and its absorption is measured. To obtain FTIR spectrum IR 

radiations are passed through the sample. 
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The vanous kinds of compounds in the prepared samples, either orgamc or 

inorganic, are identified by FTIR analysis. The basic compositional structural information 

of the synthesized nanomaterials due to functional group specificity is obtained by FTIR 

spectra. Information about different vibrational bands of elements in the sample was also 

obtained. This technique also gives information about the purity of samples. This technique 

is used for quantitative analysis, and it is non-destructive. 

The different kinds of peaks which represent different vibrational bands within the 

sample appeared in spectrum. The information about the nature of sample was given by 

peak's intensity95. 
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Figure 2.6. (a) FTIRmachine (b) Schematic representation ofFTIR96. 

2.5.2. Optical Analysis by UV -Visible Absorption Spectroscopy 

There are various factors that do play their part in influencing the optical properties 

related with certain nanopartic1es such as solvent polarity, surface charges, surface defects, 

surface ligands and imperfection of lattice. 

UV-Visible is a fast and effective technique which can frequently by employed for 

studying the properties related to absorption of our concerned materials, where assessment 

of absorbance of the material does take place while only serving as wavelength's function. 

The general spectrometer has the ability of measurement of the concerned spectrum which 
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is solar between 200 to 800 run where 200 to 400 run corresponds to the UV region and 

400 to 800 run does refer to region of the spectrum(solar) that falls in visible region. 

The transitions related to electrons to excited state (conduction band) taking place 

from ground state (valence band) can only be measured with the assistance ofUV-Visible 

spectroscopy. Absorption taking place at a certain wavelength as well as the intensity of 

that absorption at each and every wavelength can be accurately and efficiently recorded by 

assistance of a UV -Visible spectrophotometer97 . UV -Visible spectroscopy helps to 

determine nanoparticle geometry, nanoparticle aggregation state, and nanoparticle surface 

composition. Electronic spectroscopy or absorption spectroscopy are other names of 

ultraviolet-visible spectroscopy. The resultant spectra are termed absorption spectra. 

The relationship between absorption spectra and bandgap energy is reported by 

Tauc's expression which is reported as: 

ahv = A(hv - Eg)n ............................... . ... . ... (2.1) 

Where "h" does denote plank's constant, while "v" is a representation of the 

frequency of the concerned photon, a does express absorbance, "A" represents a specific 

constant, and "Eg" is energy of the band gap. 

l1li01 

I. ~ 
I 

I 
Figure 2.7. (a) UV-Vis double beam spectrophotometer (b) Working principle ofUV-Vis 

spectrophotometer98
. 
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2.5.3. Morphological and Elemental Characterization 

These characterization techniques are: 

~ Scanning electron microscopy (SEM) 

~ Energy dispersive X-rays spectroscopy (EDX) 

2.5.3.1. Scanning Electron Microscopy (SEM) 

A continuous beam of electrons having a large amount of energy, which is generally 

generated by a desirable source which normally tends to be an emission gun (field), or 

filament made of tungsten, does provide the basis for a certain scanning electron 

microscope which tends to be most effective tool for maximization or magnification. The 

SEM does make use of electrons instead of light for the purpose of generation of a three­

dimensional image that too resolved to a greater extent of a given specimen that is usually 

in form of solid. 

By considering the above-mentioned method, detailed set of information based on 

phase distribution, external morphology also known as topography, composition, and 

crystalline structure, that too are dependent on extensive magnification area, can be easily 

obtained. Information about porosity, particle size and homogeneity of sample can also be 

assessed by this technique. 

The production of an electronic beam takes place whenever a filament made of 

metal is subjected to strong heat. The travel path of electronic beam is usually a vertical 

one and it finally permits the beam to go through the column of respective microscope. The 

corresponding beam then goes by the lenses (electromagnetic) whose function is to provide 

the focus to beam and eventually, pointing it downward towards the sample. After its 

collision with the sample, both backscattered as well as secondary electrons' emission from 

respective sample does occur. In the creation of material's SEM image, photons or 

distinctive x-rays are also collected. The specified region at which the electron beams 

collide with the sample is known as the "interaction volume" region, which generates a 

variety of signals. Since the creation of x-rays by electron contact does not result in volume 

damage, it is a non-destructive technique. The signals are collected by a cathode ray 

detector tube. Strong signal-producing regions of the sample appear to be brighter. 
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Scanning Electron Microscope (SEM) 

Figure 2.S. (a) SEM machine and its (b) working principle99
• 

2.5.3.2. Energy Dispersive X-ray (EDX) Spectroscopy 

EDX is one other fundamental technique utilized for analysis, which is pretty much 

useful in determination of the chemical as well as elemental composition of the material 

with X-rays. This is based on the interaction of the material with X-rays. One important 

aspect of EDX characterization capabilities is the foremost idea that each element does 

own a unique structure of its atoms that allows for only a singular peaks' set on the emission 

spectrum related to X-ray of itself. A specific stream of protons, x-rays, or electrons 

withholding a high intensity is forced to target the adjacent sample regarding production 

of X-rays of the given specimen having certain extraordinary features. A hole is left behind 

when the electron from an inner shell is knocked out by the specified beam, and an electron 

from the adjacent highly energetic shell jumps into it to fill the gap. X-rays are produced 

because of the difference in the energies of shell. With the aid of spectrometer working on 

the principle of energy dispersion, the quantity along with energy of these X-rays, whose 

emission is taking place, is estimated. The chemical composition and the presence of the 

desired components are both confrrmed by EDX. 
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Figure 2.9. (a) EDX machine (b) working principle ofEDXIOO • 
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Chapter 3: Results and Discussion 

Undoped Nickel oxide nanoparticles along with the ones which did use Ag and Zn as 

dopant were more specifically prepared by employment of technique of co-precipitation. 

There are various characterization techniques that were applied to these nanoparticles to 

check their purity, morphology, crystallinity, and optical behavior. The dye which does act 

as sensitizer was adsorbed on the surface of nanoparticles because of which the optical 

properties of these materials were increased, and they were successfully used as 

photo anode in the fabrication of desired solar cells. 

3.1. Morphological and Optical Properties belonging to Pure NiO and (Ag 

& Zn) Doped NiO NPs 

The following approaches were used to investigate the structural, morphological, and 

optical characteristics of pure and doped NiO nanoparticles. 

~ UV-Visible Spectroscopy (UV-Vis) 

~ X-ray Diffraction (XRD) 

~ Scanning Electron Microscopy (SEM) 

~ Energy Dispersive X-rays (ED X) 

~ Fourier Transforms Infrared Spectroscopy (FTIR) 

3.2. Optical Studies 

3.2.1. UV-Visible Spectrum of Pure NiO NPs 

The absorption spectrum resulting from interaction of pure NiO NPs with light is 

shown in figure (3.1). NiO absorbs light in UV regions of the solar spectrum. The as­

synthesized NiO nanoparticles possess a strong maximum absorption peak at 317nm. 
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Figure 3.1. UV-Visible absorption spectrum of pure NiO NPs. 

3.2.1.1. Band Gap of Pure NiO NPs 

Figure (3.2) shows the relevant band gap of pure NiO, obtained from UV-Visible 

spectroscopy by using tauc plot. Tauc plot is obtained from equation (ahv)2 = 

A(hv - Egf. The Eg value was obtained by drawing tangent on graph. The obtained Eg 

value ofNiO is 3.17 eY. 
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Figure 3.2. Tauc plot of Pure NiO NPs. 
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3.2.2. UV-Visible Spectrum of Ag doped NiO NPs 

The absorption spectrum of Ag doped NiO nanoparticies is shown in figure (3.3). 

It shows that by the addition of weight percentages (1 to 6%) of Ag dopant in NiO 

nanoparticies, the absorption peak was further shifted to higher wavelength region from 

317 nm to 348 nm (Red shift), which shows that the crystallite size of nanoparticies has 

been increased101
. 

The Ag doped NiO nanoparticies could absorb light in higher wavelength regions, 

because by adding the Ag transition metal as an impurity the band gap of doped 

nanoparticles reduced according to this relation. 

he 
E = -;:- ...... ........ .... .. .... ......... ..... .......... (3.1) 
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Figure 3.3. UV-Visible absorption spectra of Ag doped NiO NPs. 

3.2.2.1. Band Gap of Ag doped NiO NPs 

Figure (3.4) shows the relevant band gaps of Ag doped NiO obtained from UV-Visible 

spectroscopy by using Tauc's plots. The Eg value of pure NiO is 3.17 eV which tends to 

decrease regularly by increasing the concentration of Ag dopant. For Ag-NiO NPs, Tauc's 

plots show tuning in band gap from 3.17-2.10 e V. 
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Figure 3.4. Tauc's plots of (a) 1 % Ag-NiO (b) 3% Ag-NiO (c) 5% Ag-NiO. 

Table 3.1. Band gaps of prepared Ag-NiO samples. 

SrNo. N anoparticles Band gap (e V) 

1 Pure NiO 3.17 

2 1% Ag-NiO 2.55 

3 3%Ag-NiO 2.33 

4 5%Ag-NiO 2. 10 

Table (3.1) shows tuned band gaps for all Ag doped NiO NPs. The bandgap ofNiO 

NPs is reduced by incorporating Ag dopant having narrow bandgap due to which it 
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generates impurity energy levels above the valence band edge. Consequently, less energy 

is needed to excite charge carriers, lowering the optical bandgap. Also the existence of a 

direct optical transition, an increase in grain size, and the presence of single phase may be 

responsible for the increase in absorbance with an increase in the Ag concentration102. 

3.2.3. UV-Visible Spectrum of Zn doped NiO Nps 

The absorption spectrum of Zn doped NiO nanoparticles is shown in figure (3.5). 

It shows that by the addition of weight percentages (1 to 6%) of Zn dopant in NiO 

nanoparticles, the absorption peak was further shifted to higher wavelength region from 

317 nm to 341 nm (Red shift), which shows that the crystallite size of nanoparticles has 

been increased 1 03. 

The Zn doped NiO nanoparticles could absorb light in higher wavelength regions, 

because by adding the Zn transition metal as an impurity the band gap of doped 

nanoparticles reduced according to this relation. 

he 
E = "T ..... ..... ................................ .. .... (3 .1) 
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Figure 3.5. UV-Visible absorption spectra of Zn doped NiO NPs. 
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3.2.3.1. Band Gap of Zn doped NiO NPs 

Figure (3.6) shows the relevant band gaps of Zn doped NiO obtained from UV­

Visible spectroscopy by using Tauc's plots. The Eg value of pure NiO is 3.17 e V which 

tends to decrease regularly by increasing the concentration of Zn dopant. For Zn-NiO NPs, 

Tauc's plots show tuning in band gap from 3.17-2.00 ev' 
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Figure 3.6. Tauc's plots of (a) 1 % Zn-NiO (b) 2% Zn-NiO (c) 3% Zn-NiO. 
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Table 3.2. Band gaps of prepared Zn-NiO samples. 

SrNo. N anoparticles Band gap (e V) 

1 Pure NiO 3.17 

2 1% Zn-NiO 2.29 

3 2% Zn-NiO 2.17 

4 3% Zn-NiO 2.00 

Table (3 .2) shows tuned band gaps for all Zn doped NiO NPs. The bandgap ofNiO 

NPs is reduced by incorporating Zn dopant\04. In a NiO semiconductor material, the 

concentration of free carriers is raised because of Zn doping due to which the separation 

distance of an electron-hole pair will become smaller as a result band gap decreases \05 . 

Consequently, less energy is needed to excite charge carriers, lowering the optical bandgap. 

3.3. XRD Studies 

3.3.1. XRD Pattern of Pure NiO NPs 

To observe the subsequent structure, size, and crystallinity of NiO Nanoparticles, 

these were subjected to X-ray diffraction (powdered technique). The resulting XRD pattern 

of pure NiO nanoparticles in the following figure (3 .6) shows (111), (200), (220), (311), 

crystallographic planes respectively which corresponds to the detected diffraction peaks at 

28 values of 37°, 43°, 63°, 75°\06. The XRD pattern confrrms the high crystallinity and face 

centered cubic structure (fcc) of NiO NPs as reported in standard reference card (JCPDS 

Card No. 073-1523). The average crystallite size of NiO NPs calculated by using 

Debye Scherrer's equation (D = Kl/pcos(J) is 28.73 nm. 
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Figure 3.7. XRD pattern of pure NiO NPs" 

3.3.2. XRD Pattern of Ag doped NiO NPs 

Figure (3.8) shows the resulting pattern of XRD of Ag doped NiO NPs, which 

clearly shows that upon doping there were no additional peaks found representing the 

purity of nanoparticles, it means that Ag+2 and Ni+2 ions are uniformly homogenized and 

Ag ion successfully replaced Ni ion without distorting its face centered cubic crystal 

structure and the sample remains in single phase. Also, there was a slight broadening of 

peaks observed at higher concentrations along with shifting towards lower 28 upon doping 

withAg. This may be due to unequal ionic radii of both ions Ni+2 (O.69A) andAg+1 (l.ISA) 

due to which lattice dislocations occur and micro strain produced, and peaks shifts towards 

lower 28102. The information about the crystallinity of sample was also obtained that 

gradually decreases with the increase in dopant concentration. 
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Figure 3.8. XRD pattern of pure NiO and (1,3,5%) Ag doped NiO NPs. 

3.3.2.1. Average Crystallite Size of Ag doped NiO NPs 

Using Debye Scherrer's formula, the average crystallite sizes of Ag doped NiO NPs 

can be calculated. 

D = K).IPcos8 ................................ (3.2) 

Here, 

"D" is defined as average crystallite, while"J.." does imply the X-ray's wavelength which 

is (1.54 A), "p" does stand for full-widths-at-half-maximum (FWHM) and is taken in units 

of radian, and "9" does denote the Bragg's angle taken in degree and "K" does represent a 

specific dimensionless shape factor and its value equals 0.9. 

Table 3.3. Crystallite size of pure and Ag-NiO NPs. 

SrNo. Materials Crystallite size 

(Dm) 

1 Pure NiO 28.73 

2 1% Ag-NiO 28 .90 

3 3% Ag-NiO 30.65 

4 5% Ag-NiO 31.40 
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Table (3.3) shows that with the increase in dopant's concentration, the crystallite size of 

NiO lattice also tends to increase which may be due to increased lattice parameters ofNiO 

crystal upon doping with Ag. 

3.3.3. XRD Pattern of Zn doped NiO NPs 

Figure (3.9) shows that upon doping of Zn in NiO, no impurity peaks were found 

also it shows a single crystalline phase, confirming that Zn and Ni ions are equally 

dispersed and successful replacement of Ni ions by Zn ions without violating its face 

centered cubic crystal structure. The stable crystal structure on Zn doping shows that the 

Zn ion was incorporated as a substitution ion. Also, a slight shift in peaks towards lower 

29 was observed which may be due to unequal ionic radii of both ions due to which lattice 

dislocations occur and micro strain produced107. The ionic radii of Zn+2 is (O.74A) which 

is slightly large as compared to ionic radii of Ni+2 (O.69A). The regular increase in the 

intensity of peaks was observed that gives information about crystallinity of sample. 

1% Zn-NiO 

20 30 40 60 70 80 

Figure 3.9. XRD pattern of pure NiO and (1,2,3%) Zn doped NiO NPs. 
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3.3.3.1. Average Crystallite Size of Zn doped NiO NPs 

The average crystallite sizes of Zn doped NiO NPs can be calculated by using 

Debye Scherrer's formula. 

D = KAI pcos(J .......... .. ... ................. (3.2) 

Here, 

"D" is defmed as average crystallite, while "Iv" does imply the X-ray's wavelength which 

is (1.54 A), "P" does stand for full-widths-at-half-maximum (FWHM) and is taken in units 

of radian, and "8" does denote the Bragg's angle taken in degree and "K" does represent a 

specific dimensionless shape factor and its value equals 0.9. 

Table 3.4. Crystallite size of pure and Zn-NiO NPs 

SrNo. Materials Crystallite size 

(om) 

1 Pure NiO 28.73 

2 1% Zn-NiO 28 .89 

3 2% Zn-NiO 29.01 

4 3% Zn-NiO 29.54 

Table (3.4) shows that with the increase in dopant's concentration, the crystallite size of 

NiO lattice also tends to increase which may be due to increased lattice parameters ofNiO 

crystal upon doping with Zn. 

3.4. FTIR Analysis 

3.4.1. FTIR Spectrum of Pure NiO NPs 

To investigate various functional groups and the purity of samples FTIR analysis 

was done. The FTIR spectra was investigated in area of wavenumber ranging from 500 to 

4000 cm- I . In the FTIR spectra of pure NiO as shown in figure (3.10), a broad peak located 

in the region of 3690-3100 cm- I is specifically allocated to stretching vibrations of O-H of 

water molecule as little it remained adsorbed at the surface of nanoparticles during washing 

of product. An additional peak appears in graph at 2359 cm- I which shows stretching 
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vibrations due to C02 which may be incorporated from air J08. Below 1000 cm-1 at the 

certain area of graph at 668 cm-1
, a peak associated with the stretching vibration of Ni-O 

bond also exists108
. 
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Figure 3.10. FTIR spectra of Pure NiO NPs. 

Table 3.5. FTIR peaks of pure NiO NPs and their corresponding functional 

groups. 

SrNo. Wavenumber Functional Group 

(cm-I) 

1 3690-3100 O-H stretching of water 

2 2359 C02 stretching 

4 668 Ni-O stretching 
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3.4.2. FTIR Spectrum of Ag doped NiO NPs 

Figure (3.11) shows the FTIR spectra of Ag doped NiO NPs. FTIR spectrum shows 

that for all Ag doped samples all the vibrations are similar to pure NiO except a new peak 

appears at 1126 cm- l due to doping which was attributed to C-N symmetrical stretchinglo9• 

90 

80 

.. .. 
" .. q Ii 
•• 3470 •• g 

60 
g 

• ~ e e 
'"' 23~0 .... 

70 3470 U S 

60 

23110 ,. 
~ O 

,. 
60 

40 40 

30 JO 
4000 J~OO JOOO :500 lOOO UOO 1000 500 4000 JFOO JOOO l600 lOOO 1600 1000 500 

\Va"tDumbtr (tm 0' ) " 'a"tDUlllbtr (fm"' ) 

100 
- 5 ~. A~.NiO NPs 

90 

80 .. .. 34 70 • 13 70 .. 1126 668 

I 
Iii 60 I: 2360 

'"' ,. 
50 

40 

3~0~00~3~SO~O-3"'000~~lS-!-00-~100'-O~~1 S~OO~I~OOO~~500 

Wan Duwbtr (tw·') 

Figure 3.11. FTIR spectra of (a) 1% Ag-NiO (b) 3% Ag-NiO (c) 5% Ag-NiO. 
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3.4.3. FTIR Spectrum of Zn doped NiO NPs 

Figure (3. 12) shows the FTIR spectrum ofZn doped NiO NPs. FTIR spectrum reveals that 

for all Zn doped samples all the vibrations are similar to pure NiO except two close peaks 

appear in the range of 1300-1000 cm- l due to doping which may be attributed to C-O 

stretching vibrations 75. 
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Figure 3.12. FTIR spectra of (a) 1% Zn-NiO (b) 2% Zn-NiO (c) 3% Zn-NiO. 

3.5. SEM Analysis 

3.5.1. SEM Images of Pure and Doped (Ag & Zn) NiO NPs 

SEM (Scanning Electron Microscopy) was used to study the morphological 

changes that occurred in nanoparticles. This technique is basically used for surface studies 
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of material. Surface morphology revealed that due to the surface-active nature of 

nanoparticles, both pure and doped (Ag & Zn) NiO nanoparticles existed in agglomerated 

form. Figure (3.13), (3 .14), and (3.15) shows spherical morphologies of both pure and 

doped (Ag & Zn) nanoparticles, this is because both pure and doped NPs were calcined 

under same temperature condition (550 DC). SEM scans reveals that the material was made 

up of agglomerated, non-uniform, irregular structuresllO . 

Figure 3.13. (a),(b) SEM images of Pure NiO NPs. 
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Figure 3.14. SEM images (a),(b) 3% Ag-NiO NPs & (c),(d) 5% Ag-NiO NPs. 
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Figure 3.15. SEM images (a),(b) 2% Zn-NiO NPs & (c),(d) 3% Zn-NiO NPs. 
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3.6. EDX Studies 

3.6.1. EDX Spectra of Pure and Doped (Ag & Zn) NiO NPs 

EDX (Energy Dispersive X-ray) is an elemental analysis technique, used to study 

the composition of the elements in sample. Figure (3.16) verify the weight percentages of 

nickel, oxygen, silver, and zinc to be in close proximity with the as-synthesized material. 

However, certain impurity peaks of carbon, sulfur and chlorine elements were also 

observed which may be added during sample preparation procedure before analysis. 

Because EDX is a surface approach and cannot identify the whole amount of the sample, 

the obtained ratio of the elements deviated somewhat from the nominal content. 
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Figure 3.16. EDX spectra of (a) Pure NiO NPs (b) Ag-NiO (c) Zn-NiO NPs. 

3.7. Optical Study of Dyes and Nanohybrid materials 

3.7.1. UV-Visible Spectroscopy of Dyes 

Carminic acid, Coomassie Violet R200, and Arsenazo III dyes were used in DSSC. 

The optical properties of dyes were checked by preparing 1mM parent solution of each 

dye. The mother solution (1 mM) was further diluted to 5 IlM, 10 IlM, 20 IlM, 30 IlM, 40 

IlM ... and so on respectively by using dilution formula. 

3.7.1.1. UV-Visible Spectroscopy of Carminic Acid Dye 

Figure (3.17) represents the UV-Vis spectra of pure Carminic acid dye. Sharp peak 

of Carminic acid at 280 nm which lies in the UV region of solar spectrum and broad band 

appeared in the region 400-600 nm which represents the visible region of solar spectrum. 

The sharp peak of dye is due to 1t~1t* transitions and broad peak is due to n~1t* 

transitions. 
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Figure 3.17. UV-Vis spectrum of pure Carminic acid dye. 

3.7.1.2. UV-Visible Spectroscopy of Coomassie Violet R200 Dye 

Figure (3.18) represents the UV-Vis spectra of Coomassie Violet R200 dye. Sharp 

peak of Coomassie violet R200 is at 551 nm which is in the visible region and two small 

peaks also noticed in the range of 200-320 nm which lies in the UV region of solar 

spectrum. The sharp peak of dye is due to 1t-1t* transitions and broad peak is due to n-1t* 

transitions. 

1.0 

0.8 
551 nm 

0.6 

=-.!!. .. 
0 .4 .. = .. 

.&I .. 
259 nm 315 nm 0 

'" 0.2 .&I 
~ 

0.0 

-0.2 
300 400 SOO 600 700 800 

Wanleu&tb(DIU) 

Figure 3.18. UV-Vis spectrum of pure Coomassie Violet R200 dye. 
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3.7.1.3. UV-Visible Spectroscopy of Arsenazo III Dye 

Figure (3.19) represents the UV-Vis spectra of Arsenazo III dye. Arsenazo III 

showed a sharp peak at 535 run which lies in visible region and broad peak at 310 run 

which represents the UV region of solar spectrum. The sharp and broad peak of dye is due 

to 1t---+1t* and n---+1t* transitions. 
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Figure 3.19. UV-Vis spectrum of pure Arsenazo III dye. 

3.7.2. UV-Visible Spectroscopy of Nanohybrid Materials 

3.7.2.1. UV-Visible Spectroscopy of Carminic acid Sensitized Nanohybrid Materials 

Figure (3.20) represents the absorption spectra of Carminic acid sensitized 

nanohybrid assembly. Optimized concentration of dye like 70 ).!M for Carminic acid was 

utilized for grafting. As the chemisorption of dye (Carminic acid) does take place on the 

surface of nanoparticles, already present sharp peak corresponding to dye is getting 

disappear and an additional peak of nanoparticles was appeared along with the shifting of 

absorption spectra or broad peak of dye towards longer wavelength (red shift) as shown in 

figure (3.20). The significant drop in the intensity of relative sharp peak as well as red shift 
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in the absorption spectra of Carminic acid dye, when grafted with both pure and Zn doped 

NiO nanoparticles confirms the dye's chemisorption (grafting) on the surface ofNPs. 
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Figure 3.20. Absorption spectra of Carminic acid sensitized NiO and (1,2,3%) Zn-NiO 

nanomaterials. 

3.7.2.2. UV-Visible Spectroscopy of Coomassie Violet R200 Sensitized Nanohybrid 

Materials 

Figure (3.21) represents the absorption spectra Coomassie Violet R200 sensitized 

nanohybrid assembly. Optimized concentration of dye like 30 JlM for Coomassie violet 

was utilized for grafting. As the chemisorption of dye (Coomassie Violet R200) does take 

place on the surface of nanoparticles, a clear blue shift was observed as shown in figure 

(3.21). The decrease in the intensity of sharp peak and blue shift in absorption spectra of 

80 



, 
J... 

dye on grafting with pure and Ag doped NiO nanoparticles confirm the chemisorption of 

dye on the surface of nanoparticles as shown below. 
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Figure 3.21. Absorption spectra of Coomassie Violet R200 sensitized NiO and 

(1 ,3,5%) Ag-NiO nanomaterials. 

3.7.2.3. UV-Visible Spectroscopy of Arsenazo III Sensitized Nanohybrid Materials 

Figure (3.22) and (3.23) represent the absorption spectra of Arsenazo III sensitized 

nanohybrid assembly. Optimized concentrations of dye like 50 JlM for Arsenazo III was 

utilized for grafting. As the chemisorption of Arsenazo III dye does take place on the 

surface of nanoparticles, already present sharp peak corresponding to dye is getting 

disappear and an additional peak of nanoparticles was appeared along with the shifting of 
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absorption spectra or broad peak of dye towards longer wavelength (red shift) as shown in 

figure (3.22) and (3.23). The significant drop in the intensity of relative sharp peak as well 

as red shift in the absorption spectra of Arsenazo III dye, when grafted with both pure and 

doped (Ag & Zn) nanoparticles confirm the chemisorption (grafting) of dye on the surface 

ofNPs. 
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Figure 3.22. Absorption spectra of Arsenazo III sensitized NiO and (1,2,3%) Zn-NiO 

nanomaterials. 
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Figure 3.23. Absorption spectra of Arsenazo III sensitized (1 ,3,5%) Ag-NiO 

nanomaterials. 

3.8. FTIR Study of Nanohybrid Materials 

3.8.1. Carminic acid Sensitized Nanohybrid Assembly 

800 

Figure (3 .24) and (3.25) shows FTIR spectra of pure Carminic Acid dye and 

Carminic acid grafted NiO and Zn-NiO NPs. In the FTIR spectra of pure Carminic acid 

dye, appearance of a broad peak at 3239 cm-1 indicated the occurrence of O-H stretching 

vibrations. While a noticeable peak at 1735 cm-1 shows the stretching vibrations due to the 
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carbonyl functional group corresponding to c=o which is used as an anchoring group. The 

peaks corresponding to region 1000 to 1500 cm- l are attributed to C-C of the ring, C-H out 

of the plane and C-OH scissoring vibrations. The FTIR spectra of grafted Carminic acid 

dye shows the disappearance of peak at 1735 cm- l which confIrms the chemisorption of 

dye on nanoparticle's surface. The FTIR spectra of grafted Carminic acid dye shows a little 

peak at 1735 cm- l which confIrmed that some of the material remains un-grafted. 
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Figure 3.24. FTIR spectra of pure Carminic acid and Carminic acid grafted NiO NPs. 
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Figure 3.25. FTIR spectra of pure Carminic acid and Carminic acid grafted Zn-NiO NPs. 
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3.8.2. Coomassie Violet R200 Sensitized Nanohybrid Assembly 

Figure (3 .26) and (3.27) represent the FTIR spectra of pure Coomassie Violet R200 

dye and Coomassie Violet R200 grafted NiO and Ag-NiO NPs. FTIR spectra of pure 

Comrnassie violet R200 shows a peak at 3403 cm-! which is attributed to O-H stretching, 

and a peak observed at 1573 cm-! which may be due to S=O vibrations of -S03H group 

which is acting as an anchoring group. Another small peak was noticed at 613 cm-! which 

shows M-O stretching vibrations. The successful chemisorption of dye on the surface of 

nanoparticies was assessed due to complete disappearance of peak at 1573 cm-! in the 

grafted spectra of Coomassie violet R200. 
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Figure 3.26. FTIR spectra of pure Coomassie Violet R200 and Coomassie Violet R200 

grafted NiO NPs. 
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Figure 3.27. FTIR spectra of pure Coomassie Violet R200 and Coomassie Violet R200 

grafted Ag-NiO NPs. 

3.8.3. Arsenazo III Sensitized Nanohybrid Assembly 

Figure (3.28), (3.29) and (3.30) represent the FTIR spectra of pure Arsenazo III dye 

and Arsenazo III grafted NiO, Zn-NiO and Ag-NiO NPs. FTIR spectra of pure Arsenazo 

III shows a peak at 2828 cm-1 which may be due to O-H stretching, and a peak observed at 

2359 cm-1 which may be attributed to C-H vibrations, also a peak noticed at 1576 cm-1 

which is due to S=O vibrations of -S03H group which is acting as an anchoring group. 

Another peak was noticed at 1472 cm- i which shows N=N stretching vibrations. The 

complete disappearance of peak at 1576 cm- i in the grafted spectra of Arsenazo III confirms 

the successful chemisorption of dye on the surface of nanoparticies. 
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Figure 3.28. FTIR spectra of pure Arsenazo III and Arsenazo III grafted NiO NPs. 
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Figure 3.29. FTIR spectra of pure Arsenazo III and Arsenazo III grafted Zn-NiO NPs. 
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3.9. I-V Characterization of the Fabricated DSSCs 

In addition to Ag-NiO that had been successfully tested in DSSCs and loaded with 

Carminic. acid and Arsenazo 111, thi s work investigated the usage of P3HT as a hole 

conducting material. In figure (3.37), I .. V plots re present the photovoltaic study of the 

devices fabricated by using Ag .. NiO as photoanode material. Table summarizes all the 

parameters of the devices. In this work, we fabricated ungrafted and grafted so lar ce ll 

devices. The device which consists ofNiO as photoanode when placed in dark it gives no 

cun'enl and is represented by black line in the graph. But when this dev ice is exposed to 

light, current begins to flow, and it gives an effi ciency of 0.07% with Jsc of 0.54 mAlcm2 

and Voc of 0.3 1 V and it is taken as reference cell to compare the efficiency of other 

fabricated solar cell devices. The open-circuit potentia l (Yoe) ofNiO (0.3 1 V) is lower than 

Ag-NiO (0.43 V). The Voc was enhanced from 0.31 to 0.43 V due to Ag doping in NiO 

nanopartic1es, which serves as an energy barrier to lessen electron-hole recombination and 

responsib le for the rise in Vue of nanostructured Ag-NiO. Similarly. compared to individual 

materi al, cun·ent density (l se) was also increased in case of Ag~N iO. The 

increased absorption of light and the production of free charge carriers lead to an increase 

in current density. When the Ag-NiO nanomaterial was sensitized using dyes, further ri ses 

in Jse values were noticed. It is clear from the table that the DSSC made of Ag-NiO and 

sensi tized wi th Carminic acid (CA) dye showed an etliciency of 0.40 % with Jsc value of 

3.1 0 mAlcm2• It is also evident from the table that the maximum effic iency was obtained 

fo r DSSC based on Arsenazo III sensitized Ag-NiO nanomaterial which is 1.03% with .Tsc 

value of 7.90 mA/cm2 and y O(; of 0.31 V, as compared to the reference cell o f 0.07%. 
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Figure 3.31. Current-voltage(I-V) plots ofP3HT-NiO Dark (black solid line), P3HT-NiO 
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Table 3.6. Calculated parameters of the I-V measurement curves. 

Cell Composition J V M FF (11.%) 
sc oc pp 

2 (V) 2 
(mA/cm) (mW/cm) 

P3HT-NiO Light 0.54 0.31 0.07 0.42 0.07 

P3HT-Ag-NiO 5% 1.82 0.43 0.39 0.50 0.40 

P3HT-Ag-NiO-CA 3.1 0 0.31 0.40 0.42 0.40 

P3HT-Ag-NiO-AR 7.90 0.31 1.01 0.42 1.03 
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Conclusions 

Co-precipitation approach was effectively used to synthesize pure NiO and 1 to 6% 

transition metals (Ag & Zn) doped NiO NPs. XRD, FTIR, UV-visible spectroscopy, SEM, 

and EDX were successfully used to characterize the as-synthesized nanoparticles. NiO has 

an absorption peak with Amax = 317 run, according to an optical analysis carried out using 

UV-visible spectroscopy. By effectively doping Ag and Zn into NiO, the maximum 

absorption was shifted towards longer wavelengths (Red shift), and the Amax was increased 

from 317-348 nm, respectively. Tauc's plots showed tuning in band gap ofNiO from 3.17-

2.10 eV in case of Ag-NiO and 3.17-2.00 eV in case of Zn-NiO respectively. XRD studies 

showed that the average crystallite size of pure and doped (Ag & Zn) NiO nanoparticles 

lies in the range of 28 .73 to 31.40 run. The elemental composition of nanostructured 

material was examined by EDX. And the surface morphology was examined by the aid of 

SEM analysis which showed spherical morphologies with little bit agglomeration of 

nanoparticles. FTIR analysis demonstrates the vibration bands of required materials and 

reveals the absence of any impurity. When compared to the pure dye spectrum, the FTIR 

peak for the -COOH group in the case of Carminic acid and the -S0 3H group in the case 

of Coomassie Violet R200 and Aesenazo III gets disappeared in the nanohybrid spectrum, 

demonstrating efficient functionalization (grafting) of the nanoparticles with the 

corresponding dyes. The absorption into the visible range was noticeably expanded by the 

functionalization of the pure as well as doped NiO nanoparticles with Carminic acid and 

Arsenazo III dyes. The fabricated (grafted and ungrafted) solar cell devices were 

characterized by I-V measurement curves. For DSSC based on Carminic acid dye 

sensitized Ag-NiO, the efficiency was observed to be 0.40% with Jsc of 3.10 mAlcm2 and 

Voc of 0.3 1 V. The maximum efficiency was obtained for DSSC based on Arsenazo III dye 

sensitized Ag-NiO, which is 1.03% with Jsc of7.90 mAlcm2 and Voc of 0.31 V, as compared 

to the reference cell (0.07 %). 
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