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Preface 
Photovoltaic technologies represent one of the leading research areas of 

solar energy. It is one of the most potent renewable alternatives to fossil fuels. 

Direct conversion of solar radiation into electricity is a renewable, abundant 

and clean method for producing energy. Though conventional photovoltaic 

devices (silicon-based solar cells) are promising for the direct conversion of 

photons into electrons, the prohibitive cost of these cells is uncompetitive with 

conventional power generating methods. On the contrary, dye-sensitized solar 

cells (DSSCs) are a non-conventional photovoltaic technology that has 

attracted significant attention because of their high conversion efficiencies, low 

cost, non-toxic and recyclable materials and suitability for wide variety of end-

user products. This thesis work entitled “Investigations on Dye Sensitized 

Solar Cells to Optimize its Performance” is the outcome of the experimental 

investigations performed on the fabrication and characterization of DSSCs 

based on various dyes, photoanode and electrolyte materials. 

This thesis focuses on optimizing the different components of a DSSC 

and studying the influence of various parameters of these component materials 

on the overall performance of the cell in terms of efficiency and stability. The 

thesis is broadly divided into seven chapters. Chapter 1 briefly introduces the 

world's present energy scenario and an overview of the need for renewable 

energy sources. This chapter also discusses different generations of 

photovoltaic technology along with a brief introduction to different 

components and working principles of dye sensitized solar cells. Chapter 2 

describes the basic theory of the experimental techniques used for 

characterizing the different components of DSSCs. Chapter 3 illustrates the 

charge transfer kinetics and effect of the shape of ZnO nanostructure on the 

performance of DSSCs based on two natural dyes. Chapter 4 investigates the 

impact of surface modification via sol-gel spin coating of ZnO nanoparticles on 

the performance of WO3 photoanode-based DSSCs by varying the 
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ABSTRACT 

Energy, one of the fundamental requirements for society's progress, 

cannot be created or destroyed; it can only be changed into one form or 

another. The world's need for energy is growing every day as a result of 

population growth and ongoing industrialization. Traditionally, fossil fuels like 

coal, petroleum, and natural gas are used to generate electricity. However, 

these fuels will eventually run out in addition to devastatingly polluting the 

environment and posing significant difficulties for earth's living creatures. In 

order to meet our ever-increasing energy needs, it is necessary to find some 

unstoppable energy sources that can supplement traditional energy supplies and 

take their place in the future. The use of renewable energy sources that are free 

from the issues related to the use of fossil fuels has therefore received attention. 

Some of the possibilities available to us are solar, wind, tidal waves, 

geothermal, and biomass. 

Although conventional Silicon-based photovoltaic technologies are 

promising, the expensive cost of these cells makes them uncompetitive with 

current power generating methods. Contrarily, dye-sensitized solar cells 

(DSSCs) are a non-traditional photovoltaic technology that has garnered much 

interest due to its promising conversion efficiencies, low cost, non-toxic, and 

recyclable components, and adaptability for a wide range of end-user goods. 

Though many other DSSCs have been studied, the majority of them have not 

yet gained commercial popularity due to problems with low conversion 

efficiency, production costs, and lower stability and durability. The main 

objective of this thesis is to investigate on the different components of DSSC 

with an aim to optimize its performance in terms of environment-friendly 

nature, cost-effectiveness, better durability and improved light to electron 

conversion efficiency. This thesis is broadly organized into seven chapters. The 

favorable results from this thesis will lead to the following mentioned outcome. 
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Chapter 1 addresses the world's present energy scenario and an 

overview of the necessity of renewable energy sources. This chapter also 

includes a brief discussion about different types of photovoltaic devices 

available. Furthermore, a basic introduction to DSSC, its construction and role 

of its different components is also discussed in this chapter. Besides this, the 

working principle of DSSCs is also described. 

Chapter 2 describes the basic theory and detailed description about 

different experimental techniques viz. X-ray diffraction analysis (XRD), 

Scanning electron microscopy (SEM), Energy-dispersive X-ray spectroscopy 

(EDS) study, UV-VIS spectroscopy and Raman spectroscopy used for 

characterizing the materials of the different components of DSSCs. In addition, 

the principles of Current-Voltage (I-V) and electrochemical impedance 

spectroscopy measurement along with the detail description of critical 

parameters determining the device performance, have also been discussed in 

this chapter.  

Chapter 3 illustrates a comparative evaluation of optical, electrical and 

electrochemical properties of DSSCs fabricated using vertically aligned ZnO 

nanorods synthesized using low-cost Sol-Gel spin coating technique on ITO 

coated glass substrate and ZnO nanopowder and their application in the 

fabrication of natural dye-based Dye Sensitized Solar Cells. Natural dyes 

extracted from pomegranate and turmeric are used as sensitizers. 

Electrochemical impedance spectroscopy (EIS) was employed for a detail 

investigation of the charge carrier recombination properties and the charge 

transfer mechanism at different interfaces of the devices. 

Chapter 4 contains an investigation on the impact of surface 

modification via sol-gel spin coating of ZnO nanoparticles on the performance 

of WO3 photoanode-based DSSCs by varying the concentration of ZnO 

precursor solution. The semiconducting material WO3 was chosen in search of 

a photoanode material for DSSC alternative to TiO2. However, the performance 
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of pure WO3 based DSSC was found to be extremely poor despite having 

several advantageous properties. To improve the photovoltaic performance of 

the cell, the WO3 surface was coated with varying concentrations of the ZnO 

precursor solution.  It was observed that the concentration of the precursor 

solution of ZnO highly controls the photovoltaic performance of the DSSC. 

Chapter 5 depicts the role of optimum concentration of 

chenodeoxycholic acid (CDCA) as anti-dye-aggregation material in improving 

the DSSC performance based on rose bengal dye. Aside from this, the effect of 

a very thin and compact ZnO blocking layer was also investigated to reduce the 

charge recombination and hence to improve the performance of dye sensitized 

solar cells.  

Chapter 6 focuses on the use of gel electrolyte in DSSC instead of 

liquid electrolyte. The leakage problems of liquid electrolyte, electrode 

corrosion, photo-degradation of attached dyes, and solvent volatility restrict the 

long-term performance of DSSCs based on liquid electrolyte. To overcome 

these limitations, gel electrolyte has been used as the volatility of organic 

solvents can be decreased and leakage can be prevented by gel-type 

electrolytes. Gel electrolyte-based DSSCs have been fabricated with ethyl 

cellulose (EC) as gelation material in the conventional liquid electrolyte 

containing LiI and I2 as a redox couple in acetonitrile solvent to enhance the 

stability of the cells. Both TiO2 and ZnO were used as photoanode materials for 

different types of DSSCs. Photovoltaic performance, including their stability 

behavior over a certain period of time were also evaluated. 

Chapter 7 summarizes the essential findings and conclusions arising from the 

present work. 
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1.1.  Introduction 

In this modern technological era, energy has become the most important 

daily need of our life. With the increasing world population, spreading 

urbanization and technological advancement, matching the energy supply with 

the energy demand is the main challenging issue the world is facing these days. 

The total global energy consumption can be classified into different sources of 

energy. It is estimated that the primary sources of energy consist of petroleum 

36.0%, coal 27.4%, and natural gas 23.0%, amounting to an 86.4% share of 

fossil fuels in the global primary energy consumption [1]. Burning fossil fuels 

produces many toxic and greenhouse gases, which affect our environment 

heavily. Although nuclear power is one feasible option for producing large-

scale energy, it has some serious safety and waste management issues. To make 

it an alternative source of our energy demand, it is required to establish a 1GW 

nuclear fission power plant every day for the next 50 years on the earth [2]. 

This is almost impossible. Moreover,  the weapon-grade uranium or plutonium 

fuels might be secretly derived from the nuclear power plants to make nuclear 

weapons and that could be used for mass destruction. This is another critical 

concern related to the use of nuclear fuels for power generation.   

These environmental consequences related to extensive use of fossil 

fuels, safety related issues of nuclear power, ever-growing energy demand and 

depleting stock of fossil fuels have motivated the researchers to search for 

alternative economically and environmentally sustainable renewable energy 

sources. Among all the non-polluting and renewable energy sources such as 

Hydropower, Wind turbines, biomass-derived liquid fuels, biomass-fired 

electricity generation, solar cells, solar thermal, and geothermal heat, the 

photovoltaic technology utilizing solar energy has emerged as the most 
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promising candidate. the annual solar energy that the earth receives is about 

3×1024 J which is approximately 104 times more than the present global energy 

consumption. So covering 0.1% area of the earth surface with solar cells with 

an efficiency of 10% would satisfy our present needs. So we are in great need 

of technologies for efficient conversion, storage, and distribution of this energy 

[3].   

1.2.  Solar Cell Technologies 

A solar cell is a type of semiconducting device that directly transforms 

solar energy into electrical energy. Photovoltaic electricity generation employs 

solar panels consisting of several solar cells. No harmful emission occurs in the 

process of conversion of solar energy to electricity in the solar cells. Thus it is 

environmentally sustainable. Aside from the abundance of potentially 

exploitable solar energy, photovoltaic cells have several other competitive 

features such as comparatively reduced maintenance, off-grid operation and 

zero noise pollution, making them ideal for use in remote locations and mobile 

applications.  

Currently, the crystalline silicon modules (including mono-crystalline 

and large-grain polycrystalline Si) based on bulk wafers dominate the 

commercial PV module production. These devices are the typical members of a 

group referred to as the first generation of photovoltaic cells, which accounted 

for around 85% of the photovoltaic market [4].  

1.2.1.  Classical P-N junction silicon solar sells 

The silicon based solar cell technology is basically rooted on the 

formation of p-n junction as shown in Fig. 1.1. This junction is formed by 

doping two different regions of the same semiconductor (Si) with trivalent and 
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pentavalent impurities. An interface between p-type and n-type materials can 

be created in this manner. As a consequence of accumulation of donor and 

acceptor ions near the interface, a built in electric field is created in that region. 

In the so-called depletion layer, this inherent electric field facilitates charge 

separation.  

 

Figure 1.1 Construction of a p-n junction [5]. 

Electron-hole pairs are formed when photons with energies greater than 

the material's band gap energy incident at the depletion region. The strong 

built-in electric field existing in the depletion region favours the charge 

separation, and as a consequence, the electrons move to the n region and holes 

move to the p regions, respectively. In presence of an external load, connected 

across the cell, the accumulated excess electrons and holes pass through the 

load, creating electricity and ultimately recombining with each other (Fig.1.2).  
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Figure 1.2 Working of a p-n junction solar cell [6]. 

Several theoretical calculations have been performed to estimate the highest 

power conversion efficiency that can be obtained from a single p-n junction Si 

solar cell. Shockley and Queisser calculated a theoretical upper limit of 

efficiency to be 33.7 % for a p-n junction solar cell based on a semiconductor 

with band gap energy (Eg) of 1.4 eV [7]. Poor maximum efficiency is caused 

mainly by two main factors. Firstly, the solar cells do not absorb photons with 

an energy of E < Eg. Secondly, even though the photons with an energy E > Eg 

get absorbed, they can only transmit the band gap energy to the electric circuit, 

while the rest (E - Eg) amount of energy is lost as thermal dissipation [8]. The 

following requirements that are to be fulfilled by the solar cells to make it a 

realistic solution to our present and future energy crisis: 

 Broad solar spectrum absorption 

 High power conversion efficiency 

 Economically cheap 
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 Can be fabricated using abundant and environment-friendly raw 

materials 

 Should have long term stability 

1.2.2.  Photovoltaic Generation 

On the basis of their performance, cost effectiveness and nature of 

materials used, the solar cell technologies are classified into three major 

generations (Fig. 1.3).  

 
Figure 1.3 Generation wise classification of solar cells. 
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1.2.2.1. 1st generation: Crystalline Silicon (Poly-silicon or mono-

silicon) solar cells 
The first generation contains cells that use high-purity materials with 

low levels of structural flaws. These solar cells are basically silicon wafer-

based and presently the most efficient cells but have high production cost.  The 

working principle of these cells is mainly based on the following steps:  

    a. Photo excited generation of electron-hole pair.  

    b. Their separation and collection through the P-N junction of a doped 

semiconductor.  

The efficiencies of these cells typically lie in the range of about 25 % 

[9]. However, despite being the most commonly used and researched material, 

silicon is not an ideal semiconductor for photovoltaic conversion. It has a low 

optical absorption coefficient as it is an indirect bandgap semiconductor. 

Consequently, Silicon substrates of larger thickness are required to effectively 

absorb the major portion of the incident light. This, combined with the high 

cost of silicon purification and crystallization, makes silicon solar cell 

manufacturing prohibitively expensive. As a result, while silicon based first-

generation photovoltaics are a reliable and well-established PV technology, 

their cost-cutting potential appears to be limited. Furthermore, even though 

there is still opportunity for improvement, silicon solar cell efficiencies are still 

restricted by the theoretical Shockley-Queisser limit for a single-junction cell 

[10]. To address the issues with first-generation solar cells, two approaches 

have been taken: (a) to concentrate on to lowering the costs and (b) to boost the 

energy conversion efficiency and go beyond the Shockley–Queisser limit. The 

primary focus of the first approach is the development of thin-film solar cells. 

These devices are commonly known as second generation photovoltaics. On 

the other hand, third-generation PV technologies are based on approaches 



Chapter 1 
 
 

 
Page 9 

 
 
 

centred on devices that could theoretically overcome the Shockley-Queisser 

limit. 

1.2.2.2. 2nd generation: Thin film Solar Cell (TFSC) 

The second generation of solar cells is mainly based on the use of thin 

film technology. Their constituent material has a thickness of less than 1 µm, 

which is much thinner than the first generation solar cells. Thin films are 

deposited on glass, metal or plastic substrate by applying various deposition 

techniques. The thickness of such films can be varied from a few nanometers to 

tens of micrometers. This is because thin film materials have a substantially 

higher absorption coefficient than silicon as they are direct band gap 

semiconductors. Since these cells use a single p-n junction, they also have a 

theoretical maximum efficiency restriction similar to first-generation 

photovoltaics. PV modules made of crystalline silicon must be constructed 

from individual cells. In contrast, a thin film of the semiconductor materials 

may be formed on the larger surfaces, which is advantageous for mass 

production of the devices. Examples of these kinds of materials include 

amorphous silicon, micro-crystalline silicon, polycrystalline silicon, copper 

indium selenide, and cadmium telluride.  

Among the materials employed, the most established technique is that of 

amorphous silicon (a-Si), which is frequently utilized in so-called double- or 

triple-junction cells: these devices are made by assembling several cells with 

different band gaps, which absorb light in different wavelength regions. This 

material is used in photovoltaic applications where the power requirement is 

relatively low. Though these cells have relatively lower efficiency, they are 

much cheaper to fabricate. The major advantage of these solar cells is that they 

require only 1% of the silicon for solar cell production. As a result, the 
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manufacturing cost of these solar cells is dramatically reduced. At the module 

level, the efficiency of these solar cells ranges between 4 and 8 percent. The 

low quantum efficiency of amorphous silicon solar cells is the reason behind 

their low efficiency. These solar cells have low quantum efficiency as a result 

of the low number of collected charge carriers per incident photon. The 

efficiency of these amorphous silicon solar cells has been enhanced using 

tandem and even triple layer devices that feature p-i-n cells stacked one on top 

of the other [11]. The low efficiency of these cells is due to the existence of 

many dangling bonds, which resulted as a consequence of the disordered 

structure of amorphous silicon. Acting like defects, these dangling bonds 

results in anomalous conductivity in the amorphous silicon material.  

Another popular material used for thin-film solar cell fabrication is 

cadmium telluride (CdTe). It has photovoltaic capabilities very similar to 

crystalline Si, but with the added benefits of diffuse light absorption and 

stability to increasing temperature concerns [12]. The only photovoltaic 

technology based on the thin film which is able to outperform the crystalline 

silicon PV in terms of cost in the PV market is CdTe. It holds a record with 

laboratory efficiency as high as 20%, which has been validated at NREL [13]. 

The key advantage of these solar cells that are appropriate for wide-scale 

production is the availability of a broad range of manufacturing procedures. 

The use of rare and toxic materials like cadmium and telluride is the main 

concern of this technology. Further, Copper indium selenide (CIS) is a material 

with exceptional long-term stability and potential applications in building-

integrated photovoltaics [14]. Another promising material in the field of thin-

film solar cell technology is Copper Indium gallium selenide (CIGS). It has a 

high absorption coefficient and subsequently shows high absorption of light 

even with much thinner film thickness than other materials. One of the major 
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advantages of CIGS based cells over other thin film based solar cells is its 

extended life span without showing any significant decline in its performance. 

It showed a certified efficiency of 23.35 % in the laboratory scale whereas in 

module form, it holds a record of efficiency of around 19.64 % [15] [16-18]. 

Due to low fabrication cost and high efficiency, CIGS cells are regarded as one 

of the most promising candidate of the thin film solar cell technology. Thin 

film solar cells also have the advantage of fitting the solar panels on flexible 

materials like textiles. [19-21].   

The development of thin-film technology is still in its early phases, and 

the efficiencies of small-area laboratory cells do not always convert to large-

scale module efficiencies. Aside from this, the usage of toxic compounds like 

cadmium and rare elements as telluride and indium is one of the major 

challenges that are encountered by this technology. The employment of toxic 

materials in a technology that is promoted as environmentally safe is highly 

controversial.  

1.2.2.3. 3rd generation Solar Cells 

The third generation encompasses a wide range of technologies and is 

usually used to describe photovoltaic systems that are not part of the first or 

second generation solar cells and seek to exceed the Shockley-Queisser limit. 

This generation of photovoltaic cells relies on a variety of new and low-cost 

materials such as organic, conductive polymers, small molecules, and organic 

dye molecules. It uses low-cost fabrication methods that do not require severe 

temperatures, such as those required for pure silicon-based cells. The primary 

difference from earlier generations is that the device’s basic structure is no 

longer a p-n junction. Now, it possesses a multilayer structure wherein the 

charge carriers are exchanged. In contrast to their inorganic counterparts, newly 
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discovered organic and polymeric materials emerged out to be very promising 

for photovoltaic application for various reasons, including low material 

consumption, lightweightness, flexibility, and low cost for large-scale 

manufacture. The areas of research in this field that have attracted the 

researchers’ attention most are extremely thin absorber cells (ETA), organic 

heterojunction solar cells,  hybrid solar cells and dye-sensitized solar cells.   

The active layer of an organic heterojunction solar cell is made up of an 

n-type donor and a p-type acceptor material. Donor materials include 

polyphenylene vinylene derivatives and poly-alkyl thiophene, whereas some 

common acceptors include fullerene and its derivatives. The maximum 

efficiency that has been achieved to date for this class of devices is 5.15 %, 

check for the recent highest efficiency [22]. 

Entirely solid inorganic materials are used to fabricate three phase ETA solar 

cells. A very thin photon absorbing semiconductor material is placed in a 

sandwich manner in between two highly interpenetrated and transparent 

semiconductor nanomaterial layers acting as electron and hole transport 

materials. [23-25]. Semiconductors like TiO2 and ZnO are generally used as 

electron conductors, whereas material like CuSCN is used as hole conducting 

material in these devices. 

In contrast, the hybrid solar cells are composed of both the organic and 

inorganic semiconductor materials. Usually conjugated polymers are the most 

used organic materials used in these cells to absorb light as well as participate 

in hole transport. On the other hand, the inorganic material is mainly used as 

electron conduction material. These materials are mixed together, forming a 

heterojunction. Efficiencies above 5 % have been recorded for this kind of 

devices [26].        
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The breakthrough came in the third generation of solar cells with the 

discovery of Dye sensitized solar cells in 1991 by O’Regan and Grätzel with a 

significant energy conversion efficiency of 7.9 % [27].  These cells emerged as 

one of the leading runners in the race of non silicon based solar cells because of 

its novel fabrication concept derived from nature’s principle (photosynthesis) 

and easy fabrication procedure using abundant materials and cost effectiveness 

[28, 29]. Working principle of these cells is often referred as artificial 

photosynthesis. These cells are usually made up of highly porous film of 

titanium dioxide nanoparticles photosensitized with dye molecules which 

absorb sunlight similar to the chlorophyll presents in plant leaves. The porous 

TiO2 layer is submerged in a liquid electrolyte solution and a platinum based 

counter electrode is placed above it. Discovery of these cells opened a new 

scope in the field of photovoltaic research. Many research groups have been 

working in this field to improve its performance in terms of efficiency, 

stability, durability, flexibility and cost-effectiveness.     Today, there are 

various similar solar cell approaches, including solid-state DSSCs [30], 

quantum dot sensitized solar cells [31, 32], p-type hole conductor-based DSSCs 

[33], and perovskite solar cells [34-37]. Since their discovery in 2012, 

perovskite solar cells have become a subject of growing interest among 

researchers worldwide. Alternatives to the liquid electrolyte in DSSC include 

gel electrolytes, ionic liquids, and in-situ polymerized hole conductors [38-43]. 

The outstanding consolidated efforts given by the research community 

throughout the last 30 years have not only improved the efficiencies of these 

cells but also uncovered various novel strategies to make rugged and stable 

DSSCs with satisfactory conversion efficiencies. This includes vigorous work 

on different semiconductor oxides and their morphologies, different inorganic 

and organic sensitizers, co-sensitization of different sensitizers, new red-ox 

electrolyte and counter electrode materials.       
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The key benefits of the Dye sensitized solar cells are inexpensive large-

scale production capability with flexibility. The disadvantages are low 

efficiency, stability and strength compared to traditional non-organic PV cells. 

For the most part, organic photovoltaic technology is still in the research and 

development stages and is not ready for mass commercialization.  

The efficiency trend of different generations of solar cells over the years 

in the form of laboratory research cells and as solar modules are summarized 

below in Fig. 1.4 and Fig. 1.5, respectively. 
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Figure 1.4 Reported timeline of best Research-Cell conversion efficiencies of 

different solar cell technologies (National Renewable Energy Laboratory, 

USA) (https://www.nrel.gov/pv/cell-efficiency.html).  
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Figure 1.5 Reported timeline of Solar Module efficiencies of different solar 

cell technologies (National Renewable Energy Laboratory, USA) 

(https://www.nrel.gov/pv/module-efficiency.html)  
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1.3. Basic construction and different components of a 
Dye sensitized solar cell 

The working of a DSSC is based on the sensitization of wide band gap 

semiconductors. A typical DSSC consists of five essential elements as follows: 

a) Transparent conductive oxide coated glass substrate (FTO, ITO etc). 

b) A photoelectrode with a thin layer of nanostructured wide band-gap 

semiconductor (usually TiO2, ZnO, WO3, SnO2 or Nb2O5) attached to the 

conducting glass substrate. 

c) A monolayer of dye deposited on the semiconductor's surface to absorb 

light. 

d) An electrolyte containing a red-ox couple (typically I-/I3-) which acts as a 

source for electron replacement. 

e) A counter electrode made of a glass sheet coated with a catalyst to facilitate 

electron collection (typically platinized FTO, ITO etc). 

 
Figure 1.6 Basic structure of DSSC. 
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1.3.1. Transparent conducting oxide (TCO) coated glass substrate 
The electrodes for a conventional DSSC are constructed on the TCO-

coated glass substrates [44,45] and the cell is assembled between them. The 

performance of the DSSC is heavily influenced by the transparent conducting 

substrate. It serves the role of a current collector as well as a support structure 

for the semiconductor layer. It has two key characteristics: high optical 

transparency, which permits natural sunlight to penetrate through to the 

underlying active material without suffering any undesired solar spectrum 

absorption, and low electrical resistivity, which promotes electron transport and 

decreases energy loss.  

Both inorganic as well as organic materials have been used to make 

transparent conducting coatings for photovoltaic usage. Indium tin oxide (ITO), 

fluorine-doped tin oxide (FTO), and doped zinc oxide [46–48] are examples of 

transparent conducting oxides (TCO) that are frequently utilized as a layer in 

inorganic films.. On the other hand, the organic layers have been developed 

employing grapheme and carbon nanotube networks, as well as networks of 

polymers like PEDOT [poly(3,4-ethylenedioxythiophene)] [49,50] and its 

derivatives[51-53]. A large varity of TCOs have been designed and researched 

extensively during the past thirty years. Among them, the most efficient TCO 

materials frequently utilized in solar applications are ITO and FTO coated glass 

substrates because of their easy fabrication process along with optimum 

electrical and optical properties. However, compared to ITO, FTO has better 

conductivity and better transparency to visible light. Furthermore, the electrical 

properties of ITO degrade at high temperatures and in the presence of oxygen, 

whereas FTO remains much more stable in such conditions. Moreover, FTO is 

cheaper as compared to ITO. Due to these reasons, FTO is mostly preferred 

over ITO in DSSC fabrications. 
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1.3.2. Photo electrode 
The photoanode comprises of a wide bandgap metal oxide 

semiconductor coating over a TCO glass substrate, usually deposited via doctor 

blading, screen printing or dip-coating method. The semiconductors widely 

used to prepare mesoporous photoanode material are TiO2 [154-58], ZnO [59-

61], SnO2 [62-64], WO3 [65-68], Nb2O5 [69-71] etc. This layer acts as a dye 

adsorption surface, accepting electrons from the excited dye and conducting 

them to the TCO. TiO2 has been and continues to be the most preferred choice 

as photoanode material for DSSCs. It has three different crystalline forms: 

anatase, rutile, and brookite. The brookite form is very difficult to synthesize. 

So it is not so popularly used to make photoanodes. Rutile (band gap = 3 eV, 

absorption edge at 413 nm) [72] is the most stable among all the three phases; 

however, it has a poor electron transfer rate, resulting in low current in DSSC. 

Moreover, it is not completely transparent in the UV-VIS range of the solar 

spectrum [73]. As a result, the anatase form of TiO2 having band gap = 3.2 eV 

(absorption edge at 388 nm) [74] has been widely used in DSSC fabrication 

[75].  

TiO2 has certain special features that make it the favoured 

semiconductor for dye sensitised solar cells. Its conduction band edge is 

slightly lower than the excited state energy level (LUMO) of many dyes, which 

is one of the major requirements for the efficient electron injection from dye to 

semiconductor. Another advantage of TiO2 is it’s high dielectric constant (80 

for anatase), which allows efficient electrostatic screening of the injected 

electron from the oxidized dye molecules anchored to the TiO2 surface, 

lowering the possibility of recombination before the dye molecule gets reduced 

by the red-ox electrolyte. As discussed earlier, the larger band gap of anatase 
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phase of TiO2 makes it a better choice for dye-sensitized solar cells. It has the 

ability to absorb only ultraviolet light, leaving the rest of the visible and near-

infrared spectrum of the solar light for the dye molecules attached to the 

surface, depending upon the sensitizers properties. Aside from this, the high 

refractive index of anatase TiO2 (n = 2.5) enables effective diffuse scattering of 

the light inside the mesoporous photoanode and hence significantly enhances 

the light adsorption. As a result, by carefully controlling the TiO2 surface, one 

may improve the light absorption and hence the photo anode’s light harvesting 

efficiency. 

If we consider a simple planar electrode TiO2 surface covered with a 

sensitizer monolayer, only a small percentage of incident light may be 

absorbed, which is disadvantageous for the device performance. But when a 

nanocrystalline mesoporous TiO2 film is used, the effective surface area may 

be enhanced to 1000 times the area of a planer film. As a result, the dye loading 

is also enhanced and ultimately increasing the light harvesting efficiency. 

Usually doctor- blading or screen printing method is to prepare the mesoporous 

nanostructured film over the TCO substrate. Subsequently, the nanoparticle 

film is sintered to improve its electronic interconnectivity and charge transfer 

to the substrate. TiO2 cells exhibited a highest efficiency of 14.30 % till date 

[76]. The drawback of mesoporous nanostructured films is the lower charge 

transfer rate as a result of an extended electron diffusion pathway inside the 

semiconductor network. To address this significant drawback and provide 

improved charge transport capabilities, photoanode materials other than 

nanoparticles, such as 1-D nanostructures like nanotubes, nanorods, and 

nanowires, are gaining significant attention among researchers [77-83]. 

Recently, ZnO has emerged as a great potential alternative to TiO2 due 

to its fascinating electrical and optical properties along with a simple synthesis 
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process. ZnO is a wide band gap semiconductor having a direct band gap of 

3.37 eV, making it suitable as a photoanode material for DSSC [84, 85]. 

Moreover, it’s conduction band edge is placed nearly at same level as that of 

TiO2. Apart from this, ZnO is very easy to synthesize, abundant, inexpensive 

and poses higher electron mobility (200-300 cm²V-1S-1for bulk material and 

1000 cm²V-1S-1 for nanowire) than that of TiO2 nanoparticles (0.1-4cm²V-1S-1) 

[86-88]. Furthermore, zinc oxide is popular for its ability to be grown easily 

with a wide range of nanostructural shapes, such as nanoparticles, nanorods or 

nanowires, nanotubes, nanoplants, nanosheets etc. Additionally, the 1-D single-

crystalline rod-like structure of ZnO nanorods provides a higher surface-to-

volume ratio enabling better dye loading [79]. These qualities of ZnO make it a 

potential alternative to TiO2 for the fabrication of DSSCs. Currently, the 

highest efficiency of ZnO photoanode-based DSSCs lies in the range of 8 % 

[89, 90]. However, the main issue with ZnO is its stability, particularly in 

aqueous situations. ZnO gets dissolved easily in basic and acidic solutions and 

has a relatively narrow range of stability. Dissolution of ZnO by anchoring 

groups like carboxylic acid results in Zn+2 ions. These Zn+2 ions subsequently 

form insoluble complexes with ruthenium dyes like N3 and N719. These 

insoluble complexes formed in the mesoporous structure disrupt the charge 

transport process. 

1.3.3. Dye sensitizer 
The sensitizing dye serves as the heart of a DSSC. By absorbing 

photons, it generates electrons that are then injected into the conduction band 

of the metal oxide semiconductor. The characteristics of the dye have a 

significant impact on the light-harvesting efficiency, thus highly influencing 

the overall conversion efficiency of the device. A good sensitizer for DSSC 

must satisfy several criteria in order to achieve high conversion efficiency. 
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i. The longer the absorption range of the dye molecule, higher will be the 

conversion efficiency of the device. So the dye should absorb the 

sunlight ranging from UV to Infrared region. 

ii. The dye must carry an anchoring group so that it can be anchored firmly 

to the surface of the metal oxide semiconductor material by forming a 

chemical bond. The charge transfer from the dye to the semiconductor 

occurs through this chemical bond. Good adsorption to the 

semiconductor surface, i.e., Good attachment to semiconductor 

nanoparticles, ensures rapid electron transfer.  

iii. The excited state (LUMO) of the adsorbed dye molecule should be 

higher enough than the conduction band edge of the semiconductor 

oxide so that an energetic driving force can be provided for the electron 

injection process.  

iv. The sensitizer’s highest occupied orbital (HOMO) must be placed low 

enough so that it can accept electron donation from the electrolyte or a 

hole conducting material and, consequently, the oxidized could be 

regenerated.  

v. The adsorbed dye molecule should be thermally and electrochemically 

stable enough in the working environment to sustain a long operation 

life under exposure to natural daylight. So it should also have high 

photostability. 

vi. It should possess high solubility to the solvent used in the dye 

impregnation. 

vii. The band gap of the dye or HOMO-LUMO gap must be as small as 

possible while still maintaining a LUMO that is more negative than the 

conduction band of the semiconductor and HOMO that is more positive 

than the red-ox species. The HOMO-LUMO gap of the dye sensitizer 

determines the spectral range of light that it can absorb. 
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viii. Finally, the dye should not suffer aggregation. Dye molecules frequently 

tend to aggregate on the semiconductor oxide surface, increasing the 

decay from the excited to the fundamental state and, as a result, 

lowering electron injection into the semiconductor conduction band. 

Some additives, such as chenodeoxycholic acid (CDCA), are commonly 

used as co-adsorbents with the sensitizer in order to reduce the dye 

aggregation phenomena. 

Several photosensitizers for DSSC applications have been studied over 

the last few decades: they are likely the most researched component of a DSSC 

device and have been thoroughly evaluated in multiple studies. The typical 

sensitizers are mainly classified into metal-complex dyes, metal-free organic 

dyes, and natural dyes [91-95]. 

 Metal complex dye sensitizers, like polypyridyl complexes of 

Ruthenium (Ru), Osmium (Os), metal porphyrin and phthalocyanine are 

efficient and reliable dyes for DSSC application. Ruthenium-based metal 

complexes are the most popular among the metal complex dyes, owing to their 

excellent photovoltaic characteristics. So far, the most efficient sensitizers in 

DSSCs have been Ruthenizer 535-bisTBA (known as N719 dye), Ruthenizer 

535(known as N3 dye) and N749 (known as black dye). Their exceptional 

photovoltaic activity stems from a broad absorption spectrum, well-aligned 

excited and ground states, and stability in the oxidized state, making them the 

most suited candidate for DSSC application [96]. However, their poor molar 

extinction coefficient, inadequate availability of noble metals, high cost, 

negative environmental impacts and complex synthesis and purification method 

have compelled researchers to look for metal-free organic dyes and natural 

dyes [97]. Chemical structures of some popular metal complex dyes are shown 

in Fig. 1.7. 
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Figure 1.7 Chemical structure of some metal-complex dyes. 

 Over the last decade, several organic sensitizer families have been 

presented. Organic dye-based DSSCs have been advancing quite rapidly in 

recent years, and their conversion efficiencies are comparable to that of 

polypyridyl ruthenium dye-based cells. In addition, metal-free organic dyes are 

distinguished by their low cost, high molar extinction coefficients, and 

diversity of molecular architectures.  

Coumarin, indoline, cyanine, merocyanine, hemocyanin, triphenylamine, 

phenothiazine, tetrahydroquinoline, dialkylaniline, and carbazole are some 

examples of dyes falling in this category. Fig. 1.8, Fig. 1.9 and Fig 1.10 show 

molecular structures of some common dyes belonging to this category. Hara et 

al. presented various coumarin derivatives and achieved an efficiency of 7.4 % 

[98], which was comparable to the performance of a cell fabricated using N719 

dye under similar working conditions. In 2003, Horiuchi and co-workers, for 

the first time, reported the synthesis and application of indoline dye in DSSC 

and achieved a conversion efficiency of 6.1 %, which was slightly less than the 

6.3 % efficiency obtained with N3 dye under the same experimental conditions 

[99]. Later in 2004, the same group reported a conversion effiency of 8 % for a 

new type of indoline structure [100].  In addition to its high photoconversion 
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efficiencies, indoline dye was found to be highly stable to photodegradation 

procedures. Cyanine dyes are well known for having high molar extinction 

coefficients and have the ability to absorb light in the near-IR region [101, 

102]. A novel cyanine dye featuring a triphenylamine as donor, carboxylic acid 

as acceptor and connected by a low-band-gap benzothiadiazole conjugation 

fragment had been developed and effectively used to sensitize TiO2-based 

DSSC by Tian and his co-workers [103]. It showed an efficiency of 7.62 % 

under the illumination of 75 mW/cm2. Liu et al. developed a novel isophorone 

sensitizer D-3 based on a donor–π–acceptor system and obtained a remarkable 

photoconversion efficiency of 7.41 % under 100 mW/cm2 illumination. 

 

Figure 1.8 Molecular structure of Coumarine dyes. 
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Figure 1.9 Coumarin dye structures: (a) C343, (b) NKX-2311, (c) NKX-2586, 

(d) NKX-2753 and (e) NKX-2593. 
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Figure 1.10 Molecular structure of indoline dyes (1-4). 

 Exrensive research has been conducted over the years to determine the 

feasibility of replacing synthesized dyes with plant-based natural dyes. Various 

natural fruits, flowers and plant leaves have a variety of colours and contain a 

variety of pigments that can be extracted and used in DSSCs to harvest solar 

energy. Natural dyes have several advantages compared to the synthesized 

dyes. Natural dyes, unlike synthetic dyes, are widely available, simple to 

prepare, inexpensive, non-toxic, environment friendly, and fully biodegradable 

[104, 105]. Natural dyes are classified into four major families: chlorophyll, 

anthocyanin, carotenoids, and flavonoids. Figure 1.11 depicts a flow chart 

diagram representing the classification of pigments found in plants [106-108]. 

.  
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Figure 1.11 Classification of plant pigments. 

Chlorophyll is abundant in the leaves of most green plants.  It is the natural 

photosynthetic pigment that gives plants their green colour [109, 110]. The 

primary functions of chlorophyll are efficient harvesting of light energy and 

transduction of that energy for photosynthesis, which is primarily accomplished 

by their spectral properties. Chlorophyll ‘a’ and chlorophyll ‘b’ are the two 

major types of chlorophylls. Because of their ability to absorb blue and red 

light, chlorophylls and their derivatives are used as sensitizers in DSSC. The 

most effective is a chlorophyll a derivative (methyl trans-32-carboxy-

pyropheophorbide) [111]. When compared to chlorophyll a, the absorbance 

spectrum of chlorophyll b has a distinct blue tinge and a red shift. Fig 1.12 

depicts the chemical structure of chlorophyll a and chlorophyll b.  
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Figure 1.12 Chemical structure of Chlorophyll ‘a’ and chlorophyll ‘b’. [112] 

Flavonoids are the most common and biochemically active group of 

natural constituents that contribute to the colour of flowers [113, 114]. 

Geissman and Hinreiner coined the term “flavonoid” to describe all compounds 

whose structure is based on flavones with a basic C6–C3–C6 skeleton [115]. 

Flavone comprises two benzene rings connected by a ring that distinguishes 

one flavonoid compound from another. Despite their structural similarities, 

only a few flavonoids can absorb light in the visible range [111]. The basic 

chemical structure of a commonly occurring flavonoid is depicted in Fig. 1.13. 

The number of flavonoid structures found in nature is limited, and they range in 

oxidation state from flavan-3-ol to flavonols and anthocyanins. Flavonoids are 

also comprised of flavanones, flavanonols, and flavan-3, 4-diols [116]. 

Neoflavones or 4-phenyl coumarins, dihydrochalcones or 3-

phenylpropiophenones, chalcones or phenyl styryl ketones, isoflavones or 3-

phenyl chromones, and aurones or 2-benzylidine-3-coumaranones are also 
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compounds. The orientation of hydroxy and methoxy groups and their numbers 

in these two benzene rings distinguish the individual compounds in each class 

[117]. Fig. 1.13 depicts the structure of commonly occurring flavonoid. [118] 

 

Figure 1.13 Chemical Structure of commonly occurring flavonoid. 

Anthocyanins are the second most crucial group of pigments visible to 

the human eye after chlorophyll [104]. Anthocyanins also influence the amount 

and quality of light incident on chloroplasts [119]. The anthocyanins found in 

plants are so diverse that ornamental plants such as dianthus and petunia only 

have one type of anthocyanin, whereas tulipa, rosa, verbena, for example, has 

mixture of several. Some fruits, on the other hand, are rich in anthocyanins. 

Grapes contain a wide range of anthocyanins. Cyanidin is found in apples, 

cherries, figs, and peaches, while delphinidin is found in eggplant and 

pomegranate. Cherry sweet and cranberry contain both cyanidin and peonidin. 

Carbonyl and hydroxyl groups present in anthocyanin molecules from bonding 

with the TiO2 molecule, thereby promoting excitation and injection of 

electrons from the dye molecule to the conduction band of TiO2. The basic 
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chemical structure of anthocyanin pigment is shown in Fig. 1.14

 

Figure 1.14 Basic chemical structure of anthocyanin pigment. Here ‘R’ could 

be replaced with H, OH or OCH3 depending on the pigment. The numbers can 

be substituted with the hydroxyl group. 

 

Carotenoids are a large family of isoprenoids (with more than 600 

members) that give distinguishing red, orange, and yellow colours to many 

fruits and flowers. The presence of a C40 hydrocarbon backbone distinguishes 

carotenoids, causing structural and oxygenic changes. Fig. 1.15 shows the 

chemical structures of some pigments from the carotenoid class [120-122].  
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Figure 1.15 (a) Basic structure of an Isoprene unit, (b) Chemical structure of 

Xanthophylls, and (c) Chemical structure of Carotene. 

 
Figure 1.16 The molecular structures of crocetin and crocin. 
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Figure 1.17 Possible mechanism of the binding between crocetin and TiO2 

surface. 

Many investigations have been performed to explore all the classes of natural 

dyes mentioned earlier, such as chlorophyll [123-131], carotenoids [132-134], 

and flavonoids [135-139]. When compared to DSSCs sensitized with synthetic 

dyes, the overall cell efficiency of natural dye-based DSSCs is comparatively 

low. Comparative studies on the performances of DSSCs based on different 

types of natural dyes have been done by several researchers [105, 140, 141]. To 

improve the efficiencies of the natural dye based DSSCs further, different dye 

combinations have been investigated and reported in order to obtain a broader 

absorption spectrum. Using natural dyes in conjunction with an optimized 

extraction solvent improves solar light absorption by the dye molecules and 

allows for more efficient utilization of photon energy. As a result, DSSC 

sensitized with the dye mixture exhibits higher absorbance and cumulative 

absorption properties across the entire visible region than DSSC manufactured 

with single individual dyes [138, 142-147]. 
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1.3.4. Electrolyte 
One of the most crucial function in the light-to-electricity conversion 

process is played by the electrolyte. It acts as an electron transfer mediator, 

restoring the dye sensitizer molecules from their oxidized state. The following 

are the requirements for any electrolyte used in a dye-sensitized solar cell: 

1. To prevent dye degradation from the oxide surface, the electrolyte must 

be chemically, thermally, optically, and electrochemically stable over 

time. 

2. The charge carriers must be transported between the working electrode 

and the counter electrode by the electrolyte. The oxidized dye must be 

regenerated and restored to its ground state after the electrons are 

injected into the oxide material’s conduction band. As a result, the 

electrolyte must be selected carefully, taking into account the redox 

potential and recombination properties of the dye. 

3. The electrolyte must allow charge carriers to diffuse quickly into the 

device and maintain good contact with both the mesoporous 

nanocrystalline oxide surface and the counter electrode. In case of  

liquid electrolytes, it is necessary to prevent solution loss due to leakage 

or evaporation.. 

4. There should be no significant absorption of visible light by the 

electrolyte. As I3
- has its own colour, it reduces visible light absorption 

by the dye. Additionally, I3
- ions may react with the injected electrons 

leading to increased current. That is why the concentration of I-/I3
- must 

be optimized in the electrolytes containing I-/I3
- couple. 

 

Depending upon the viscosity, the electrolytes are classified as liquid, 

quasi-solid, or solid. Electrolytes based on liquid organic solvents are the most 

common electrolytes used in DSSCs. They are typically made up of a redox 
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couple dissolved in an organic solvent with a high dielectric constant; 

additional additives can be added to improve device performance. 

Iodide/triiodide (I-/I3
-) is the most common redox couple, owing to the slow 

recombination reaction; these electrolytes are generally prepared by dissolving 

iodide salts with various cations (K+, Li+, Na+, Mg+) in a liquid solvent. The 

kinetics of the (I-/I3
-) redox couple with Ruthenium dye (N719) is depicted in 

Fig.1.18. The injection of phtogenerated electrons into the conduction band of 

TiO2 takes place on the femtosecond time scale, which is much quicker than 

the electron recombination process with I3
-, and the oxidized dye mainly reacts 

with I- rather than the injected electrons. I3
- diffuses to the cathode in the 

electrolyte to harvest electrons, producing I-, which then diffuses in the 

opposite direction towards the TiO2 electrode and consequently regenerates the 

dye molecules. 

 
Figure 1.18 Charge transfer and recombination kinetics in DSSC. 

(https://ro.uow.edu.au/theses/3415/)  
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However, because of iodine’s corrosive properties, researchers have 

looked into alternative redox couples such as Br-/Br3- [148], SCN-/(SCN)3- 

[149], and SeCN-/(SeCN)3- [150], all of which have promising 

electrochemical and noncorrosive properties but are chemically unstable [151]. 

Copper and cobalt complexes can also function as redox mediators [152, 153]. 

Regarding the solvent, it should be chemically stable, have low volatility 

in the temperature range within which the DSSC is being operated, have a high 

dielectric constant to facilitate redox couple dissolution faster, low viscosity to 

promote rapid charge diffusion [151], and should allow for good solubility of 

the redox mediator and other additives in the electrolyte. It is also essential that 

the solvent does not cause dye, semiconductor desorption, or dissolve the 

sealing material into the solvent. Mostly used solvents are polar organic 

solvents. Acetonitrile (ACN) is the most common and effective solvent used in 

DSC research because of its excellent performance, stability, low viscosity, and 

ability to dissolve a wide range of salts and organic molecules. However, 

unfortunately, the boiling point of acetonitrile is low (78 °C), so 3-

methoxypropionitrile (MPN), with a boiling point of 164 °C and low toxicity, 

is the preferred choice for the long-term stability of DSSCs.  

Additives to the electrolyte such as 4-tert-butyl pyridine (4TBP), 

guanidiumthiocyanate, and methyl benzimidazole (MBI) have been found to be 

very effective in suppressing the recombination [154-156]. The most likely 

mechanism behind this reduction in recombination is that when the TiO2 

surface absorbs these additives, they block reduction sites, preventing electron 

acceptor molecules from coming into contact. A variety of cations and 

compounds have been added to liquid electrolytes as additives and tested to 

improve the cell’s photovoltaic performance. The most widely used additive is 

4-tert-butylpyridine (TBP), which effectively suppresses the dark current and 

thus increases the fill factor and efficiency values by the introduction of 
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coordination between N atoms and Ti ions on the TiO2 surface, thereby 

limiting electron recombination [157]. When guanidinium thiocyanate 

(GuSCN) is added in the liquid electrolyte, it increases both the current and 

voltage due to a positive shift in the conduction band of TiO2 and leads to a 

reduction in the charge recombination phenomena [158]. Li cations are another 

common additive. They can be readily adsorbed on the surface of TiO2 

nanoparticles, resulting in a significant increase in photocurrent density. This 

effect is caused by the capability of Li ions in lowering the acceptor states of 

TiO2, modifying the flat band on the photoanode surface and consequently 

electron injection process becomes more energetically favourable [159]. When 

these cations are not present on the surface, the conduction band of the 

semiconductor shifts downward, lowering the Voc of the cell [160]. These 

additives can thus enhance the efficiency and stability, even without 

participating in the fundamental photoelectrochemical processes. However, the 

concentration of LiI must be kept low because the small Li cations may bind to 

the TiO2 matrix and act as recombination centers, reducing device performance 

[161]. The maximum voltage that can be obtained from the DSSC is 

theoretically determined by the difference between the quasi-Fermi energy 

level of TiO2 and the redox potential of the electrolyte.  

The major challenges with using liquid solvent-based electrolytes are their 

leakage problem, difficulty in sealing and limited long-term stability. These 

limitations prevent the utilization of the devices with high and consistent 

efficiency over time. Various alternative solutions have been proposed to 

address these shortcomings and are currently being researched. Quasi-solid 

electrolytes and solid electrolytes have attracted special consideration from 

researchers in this regard. Quasi-solid electrolytes can be derived from organic 

solvent-based or ionic liquid electrolytes that can be gelled, polymerized, and 

dispersed in a polymeric material [151, 162-164]. 
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Conductive polymers, hole-conducting molecular solids, and organic p-type 

conductors, such as poly(3-hexylthiophene) (P3HT) [165] polypyrrole [166], 

poly(3,4-ethylene dioxythiophene) (PEDOT) [167], polyaniline (PANI) [168] 

and 2,2’7,7’-tetranis- (N,N-di-p-methoxyphenyl-amine)9,9’-spirobifluorene 

(spiro-OMeTAD) [169]  are few examples of solid-state electrolytes. However, 

the photovoltaic performance of DSSCs based on all of these alternative 

electrolytes is currently lower than those based on liquid solvents, indicating 

that more research is needed in this field. 

1.3.5. Counter electrode 

The counter electrode is that important component of a DSSC where the 

reduction of the redox species occurs. In the case of solid-state DSSCs, the 

counter electrode collects the holes from the hole transporting material [170]. 

As the counter electrode, Pt-coated FTO obtained through thermal 

decomposition [171], sputtering [172] or chemical reduction [173] is typically 

used. However, due to the high cost and limited resources of Pt, considerable 

efforts have been made in recent years to replace this Pt catalyst with other 

low-cost, earth-abundant materials. Due to their excellent catalytic activity, 

materials such as graphite, carbon black, activated carbon on FTO-glass, and 

organic-ion doped conducting polymer of poly(3,4- ethylene 

dioxythiophene)(PEDOT) on both indium tin oxide (ITO) and FTO-glass have 

also been successfully used as counter electrode materials in DSSCs [174-178]. 

However, the main issue with the carbon counter electrodes is their adhesion to 

the substrate surface and their opaque nature. 

 

 



 
 

 
 

1.4. Basic Operating Principle

A DSSC is the only photovoltaic device with multiple electron transfer 

processes running in parallel and competition. It utilizes 

light absorption/carrier generation (dye) and carrier transport (TiO

nanoparticles and the electrolyte). In contrast, i

solar cell, the light absorption, charge 

same material. Dye molecules play the same role as chlorophyll in leaves: they 

absorb incident photons and initia

schematic diagram showing the basic 

Fig. 1.19. 

Figure 1.19 Schematic and ba

 

Basic Operating Principle of DSSC 

A DSSC is the only photovoltaic device with multiple electron transfer 

processes running in parallel and competition. It utilizes separate mediums for 

light absorption/carrier generation (dye) and carrier transport (TiO

nanoparticles and the electrolyte). In contrast, in a p-n junction semiconductor 

the light absorption, charge separation and transport 

Dye molecules play the same role as chlorophyll in leaves: they 

absorb incident photons and initiate the electron transfer process. 

showing the basic working principle of a DSSC is shown in

Schematic and basic working mechanism of DSSC.
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A DSSC is the only photovoltaic device with multiple electron transfer 

separate mediums for 

light absorption/carrier generation (dye) and carrier transport (TiO2 

junction semiconductor 

and transport occur in the 

Dye molecules play the same role as chlorophyll in leaves: they 

electron transfer process. The 

DSSC is shown in 

 
sic working mechanism of DSSC. 



Chapter 1 
 
 

 
Page 40 

 
 
 

The basic operation steps and electron transfer process occurring inside DSSC 

are as follows [179-181]: 

a) When exposed to sunlight, photons are absorbed by the dye molecules and 

the electrons are excited from the HOMO-level to the LUMO-level, 

instantaneously. This process is known as photo-excitation. 

b) These excited electrons are then injected into the conduction band of TiO2, 

diffuse through it and are utilized at the external load before being collected 

by the electrolyte at the cathode surface to complete the cycle. 

c) The dye molecule after losing one electron to the TiO2 gets  oxidized. This 

means it has deficiency one electron. To recover its initial state, the dye 

molecule must obtain an electron. It To obtains this electron from the iodide 

electrolyte (I-) and the dye returns to the ground state. This procedure is 

known as dye regeneration.. 

d) This causes the iodide to become oxidized. When the original lost electron 

reaches the counter electrode, it returns the electron to the electrolyte. I- ion 

is regenerated in turn at the counter electrode by the reduction of I3- with 

electrons which have travelled through the external load. 

There are also some reverse processes that decrease the overall cell 

performance. These are given below. 

a) Relaxation of photo excited electron of dye molecule from excited state 

(LUMO) to ground state (HOMO), both by radiative and non-radiative 

processes. 

b) Recombination of photo-injected electrons in the TiO2 to the oxidized 

species (I3
-) in the electrolyte. 

c) Recombination of photo-injected electrons in the TiO2 to the oxidized dye 

molecule. 



 
 

 
 

Figure 1.20 Fundamental processes inside dye

The following are the steps and corresponding 

operation [182,183]: 

1. Photo excitation: S + hν

2. Electron injection: S*

3. Relaxation: S* 

4. Electron transport

5. Recombination with the dye:

6. Recombination: 2 e

7. Dye regeneration: 2S

8. Reaction at the counter electrode: I

 

S: Dye sensitizer; S*: excitation upon irradiation; S+: Oxidized dye; SC: 

Semiconductor; CB: Conducti

The above processes are schematically illustrated in Fig. 1.20. 

forward processes are depicted with green arrows

 

Fundamental processes inside dye-sensitized solar cell.

The following are the steps and corresponding equations involved in the cell 

 

Photo excitation: S + hν (Photon) → S* (Excited)

Electron injection: S* (Excited) → e-
(CB) (SC) + S

Relaxation: S* → S + hν (Photon) 

Electron transport: e-
(CB) (SC) → e- (TCO) 

Recombination with the dye: S+ + e-
(CB) (SC) → S

Recombination: 2 e-
(CB) (SC) + I3

- →3I- 

Dye regeneration: 2S+ + 3I- → 2S + I3
- 

Reaction at the counter electrode: I3
- + 2e-(C) →3I

S: Dye sensitizer; S*: excitation upon irradiation; S+: Oxidized dye; SC: 

Semiconductor; CB: Conduction band; C: Counter electrode.  

The above processes are schematically illustrated in Fig. 1.20. 

forward processes are depicted with green arrows, whereas red arrows 
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sensitized solar cell. 

equations involved in the cell 

(Excited) 

(SC) + S+ 

→ S 

→3I- 

S: Dye sensitizer; S*: excitation upon irradiation; S+: Oxidized dye; SC: 

 

The above processes are schematically illustrated in Fig. 1.20. The 

whereas red arrows 
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represent combination and reverse processes. The  maximum  output  voltage  

is determined by the difference between  the Fermi energy level of the  

semiconductor  and  the  red-ox potential levell of the mediator electrolyte 

[184]. Thus, the device can produce electricity from light without undergoing 

any permanent physical and chemical change. 
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2.1 X-Ray Diffraction analysis 
X-ray diffraction (XRD) analysis is a technique used to determine the 

crystal structure of materials in the nanomaterial, thin-film, or bulk material 

form. In the XRD experiment, a monochromatic X-ray beam is allowed to 

incident on the sample and the diffraction occurs. Constructive interference is 

obtained for the glancing angles (θ) corresponding to those (hkl) planes only 

for which the path difference is equal to the integral multiple (n) of wavelength 

(λ) of the X-ray used. This condition is given by Bragg’s equation  

                                                     2 � ���� =  � �                                            (2.1) 
where d is the interplanar spacing. The schematic diagram of the experimental 

arrangement is shown in Fig. 2.1. The reflected X-rays make an angle of 2θ 

with the material surface. A typical XRD pattern consists of these reflection 

peaks along the y-axis with the diffraction angles 2θ along the x-axis [1, 2].  

 

Figure 2.1 X-ray diffraction at the sample film surface. 
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X-rays are diffracted at specific angles by different crystal planes in 

nanostructures satisfying Bragg’s condition. One can also calculate the inter-

planer spacing by knowing θ and λ. XRD is usually performed in the θ- 2θ scan 

mode where a monochromatic X-ray beam is incident on the nanostructure 

sample surface. X-ray source and detector motion are coupled with each other 

so that the detector always makes an angle 2θ with the incidence direction. 

Finally, the output is plotted as a graph between the recorded intensity of the 

diffracted beam and angle 2θ. The crystalline size (D) of the sample may be 

calculated using the Scherrer’s formula 

                                                           � =  � �� ����                                                     (2.2) 

Where k ≈ 0.9 and β = Full Width at Half Maximum (FWHM) 

In our study, the X-ray diffraction analysis was employed using PAN-

analytical X’Pert PRO X-ray diffractometer (CuKα radiation, 30 mA, 40 kV, 

λ= 1.5406 Å) to determine the crystalline structure and phase of different 

nanoparticle samples used in making the photoanode of the DSSCs.  

2.2 Scanning Electron Microscopy (SEM) 
A scanning electron microscope (SEM) [3-6] is a microscope that 

creates an image by using electrons rather than light. There are numerous 

advantages to using a scanning electron microscope over a traditional 

microscope. The SEM has a large depth of field, allowing for more of a 

specimen to be in focus at once. As the SEM uses electromagnets instead of 

optical lenses, the researcher has much more control over the magnification 

level. Along with that, SEM allows much higher resolution compared to optical 

microscopes. Because of these advantages, the scanning electron microscope is 

one of the most helpful research tools available today. An electron gun 

produces an electron beam at the top of the microscope. The electron beam is 

focused on the sample with the help of electromagnetic lenses. Electrons and 
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X-rays are emitted once the incident electron beam interacts with the sample. 

Detectors present in the instrument collect these scattered electrons, X-rays and 

covert them into signal. 

 
Figure 2.2 Schematic diagram of Scanning Electron Microscope. 

(https://www.purdue.edu/ehps/rem/laboratory/equipment%20safety/Research%

20Equipment/sem.html) 

The surface morphology of the sample is exposed by producing a visual 

image corresponding to the signal received, following the same method with 

which a picture is created on a television screen.  
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Figure 2.3 Experimental setup for SEM and EDS measurement. 

2.3 UV-VIS spectroscopy 

In order to study the absorption spectra of the dye solution, UV-VIS 

spectroscopy was used. In this measurement, the sample is exposed to light 

within a selected range of wavelengths. Absorption occurs when the incident 

photon energy surpasses the energy gap between the lower energy orbital 

(highest occupied molecular orbital-HOMO) and the higher energy unoccupied 

orbital (lowest unoccupied molecular orbital-LUMO) of the materials, and then 

the spectrometer records the signal. The block diagram of the UV-VIS 

spectrophotometer is shown in Fig. 2.4 [7]. 

 

Figure 2.4 Schematic of UV-VIS spectrophotometer. 
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Figure 2.5 Experimental setup for UV-VIS absorption measurement. 

In the present study, the absorbance spectrum measurement of the dye was 

carried out using a Perkin-Elmer Lambda-35 UV-VIS spectrophotometer. 

2.4 Energy Dispersive X-ray spectroscopy (EDS) 

Energy Dispersive X-ray Spectroscopy (EDS) study is performed to 

identify and quantify the elemental composition of the materials [8-10]. The 

basic working principle of EDS analysis utilizes the interaction of an electron 

beam with the sample. When primary electrons collide with the sample surface, 

the inner shell electrons are ejected and X-rays are produced as a result of the 

transition of the outer shell electrons filling up the vacancy in the inner shell. 

Due to its unique atomic structure, each element emits a distinct X-ray 

emission pattern that can be used to perform the atomic compositional analysis 

of the specimen with an energy dispersive spectrometer. The analysis of these 

peaks yields both qualitative and semi-quantitative information about the 

material. 
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2.5  Raman Spectroscopy 

Raman spectroscopy is an analysis technique that measures the 

vibrational energy modes and provides detailed chemical and structural 

information about the sample. This information is obtained by detection of the 

Raman scattering from the sample. When a monochromatic beam of light 

incident on the sample, most of the scattered light consists frequency same as 

that of the incident radiation. This is known as Rayleigh scattering. However, a 

small portion of the scattered light has frequencies above and below the 

incident frequency which is referred as Raman scattering.  

 
Figure 2.6 (a) Stokes Raman Scattering, (b) Anti-Stokes Raman Scattering. 

When a photon beam having energy ℎ� suffers an elastic collision with 

molecules present in the sample, they scatter without suffering any energy 

exchange with the molecule and thus, the frequency of the scattered light 

remains unchanged. 

However, during the inelastic collision, there will be exchange of energy 

between the molecule and the photon. Consequently, the scattered light will 

have a frequency different from the incident frequency. If the molecule absorbs 

some energy from the incident photon, then it gains some energy and 

consequently, the scattered photon loses energy.  Light scattered with a 
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frequency lower than the incident frequency is known as Stokes Raman 

scattering.  

On the other hand, when the molecule loses some energy to the scattered 

photon, the frequency of the scattered light becomes more than the incident 

light and the corresponding phenomenon is known as Anti-Stokes Raman 

scattering [11-13]. 

 
Figure 2.7 Schematic diagram of a typical Raman Spectrophotometer. 

(https://www.sas.upenn.edu/~crulli/TheRamanSpectrophotometer.html) 

In a typical Raman spectrophotometer, a very narrow and 

monochromatic laser beam (coherent and powerful) is used to excite the target 

material. Usually, the material is filled inside a narrow quartz or glass tube. The 

light is scattered by the sample and then collected by a lens. The collected light 

is passed through a grating Monochromator. Finally, a detector captures the 

signal and sends it to a computer for decoding. 
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2.6 Basic parameters to evaluate the performance of 
DSSCs: Solar Cell Terminologies 

Current-voltage measurement is a simple method to evaluate 

photovoltaic devices under both illumination and dark conditions. Fig. 2.8 

represents a simplified equivalent circuit (single diode equivalent model) of a 

solar cell, including the series (Rs) and parallel resistances (Rsh ) are added to 

account for various loss mechanisms a typical I-V curve for a solar cell under 

illumination and dark.  

 
Figure 2.8 One diode equivalent circuit model of a Solar cell [14]. 

 
Figure 2.9 Typical I-V characteristics of a solar cell [17]. 
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The current-voltage characteristic of a Solar cell allows us to determine 

the photovoltaic performance of the cell. The Power-Voltage plot to calculate 

the maximum power point (PMP), IMP and VMP are represented in Fig. 2.9. 

Various parameters like photocurrent density (JSC), open-circuit voltage (VOC) 

and fill factor (FF) can be extracted from the I-V curves. From which the 

overall photoelectric conversion efficiency () can be calculated.  

Equivalent circuit modeling is a very important tool required for better 

understanding and explaining the solar cell performance and analysis of the 

electrical processes occurring inside the cell. The functioning of a solar cell is 

generally modeled by a single diode with a constantphoto-generated current 

source, a series (Rs) and shunt resistance (Rsh) as shown in Fig. 2.8. The 

current-voltage relation is given by the equation 

            � = ��� − �� ���� �(�(� + ���)���� � − 1� − � + ������                            (2.3) 

where Iph, Io, Rs, Rsh, q, A, kB and T are the photocurrent, the saturation current 

of the diode, the series resistance, the shunt resistance, the electron charge, the 

ideality factor, the Boltzmann constant, and absolute temperature, respectively 

[16, 17]. The circuit parameters like Rs and Rsh are not directly measurable. 

They are calculated by fitting the experimental J-V curve with equation 2.3 

[15]. 
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Figure 2.10 Experimental Setup for I-V measurement. 

2.6.1 Open circuit voltage (VOC) 
Open-circuit voltage is the maximum voltage obtainable from a solar 

cell and is obtained when a load with infinite resistance is attached to its 

terminals i.e. the cell current is zero. It is determined by the difference between 

the redox potential of the electrolyte and the Fermi level of electrons in the 

semiconductor, namely TiO2. For DSSC, Voc is given by: 

     ��� =  ���� + ��� ln � ����� − �������      (�����)                                (2.4) 

Where n represents the number of electrons in the TiO2 conduction band and 

NCB is the effective density of states [11]. Eredox represents the Nernst potential 

of the redox mediator and first two terms in above equation define the quasi-

Fermi level of TiO2 and.  
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2.6.2 Short circuit current density (JSC) 
The short circuit photocurrent (ISC) is the cell photocurrent measured at 

zero voltage. It is the current obtained from the cell when it is short-circuited or 

in other words when the load resistance is zero. It largely depends on the 

photon-generated electrons and the interfacial recombination of the electrons 

and holes. In general, it is represented in the form of the short circuit current 

density (JSC) and is defined as JSC=ISC /A (mA/cm2), Where, A is the effective 

area of the solar cell. It is a function of the solar illumination, optical properties 

and charge transfer probability of the cell. 

2.6.3 Series Resistance (RS) 
Series resistance, Rs in a solar cell, results from the contact resistance 

and charge transfer resistance in the semiconductor material. Series resistance 

reduces the fill factor of the device and thus affects the maximum device power 

output, while an excessively high value of RS can also reduce the short-circuit 

current. The open-circuit voltage is not affected by Rs, since at Voc the total 

current flow through cell itself is zero and hence the series resistance is zero. 

An approximate value of the series resistance can be determined from the slope 

of the I-V curve at the open-circuit voltage point. 

2.6.4 Shunt Resistance (Rsh) 
Low shunt resistance provides an alternate path for the photo-generated 

current causing significant power loss. The effect of low shunt resistance is 

reduced fill factor and lower open-circuit voltage affecting the maximum 

power output. The short-circuit current is not affected unless for a very low 

value since  at Jsc the  total  current flows through the outer path and hence 

through the shunt resistance is low. An approximation of the shunt resistance 

can be calculated from the slope of the I-V curve at the short circuit current 

point. 
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2.6.5 Fill Factor (FF) 
The fill factor (FF) is a measure of the maximum power output from a 

solar cell.  It represents the squareness of the I-V curve that is The FF describes 

how a maximum power rectangle fits under the I-V characteristics and is given 

by the ratio of the maximum output power to the product of ISC and VOC for the 

solar cell: 

                                                         �� = ������������                                                  (2.5)    
Where, Vm and Im are the voltage and current at the maximum power point.  

Fill factor, being a ratio of the same physical parameters, has no unit. Fill factor 

is a function of the series and shunt resistance of the solar cell. For DSSC, it 

reflects the extent of electrical and electrochemical losses during cell operation. 

To obtain high FF, RS should be small, while RSh needs to be as large as 

possible. 

2.6.6 Power Conversion Efficiency () 

The power conversion efficiency of a photovoltaic cell is described as 

the ratio of the maximum electrical energy output of the device to the energy 

input from the sun. Thus the mathematical definition of efficiency is 

                                           h =  ������� =  �����������                                                    (2.6) 

Where Pin represents the  input power of sunlight. Efficiency is generally 

expressed in percentage. Besides the solar cell performance, it depends on the 

incident light spectrum and intensity as well as operating temperature. The 

internationally recognized standard condition for the efficiency measurement of 

solar cells is under ‘AM1.5 Global’ solar irradiation and at a temperature of 

25°C [18]. 
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2.7 Electrochemical Impedance Spectroscopy (EIS) 
The current-voltage measurement of a solar cell is the elementary 

method to evaluate the overall electro-optical performance of the device. 

However, it fails to provide detailed information about the limiting factors and 

resistances offered by the individual components and interfaces of the 

architecture that inhibit device performance. The electrochemical impedance 

spectroscopy (EIS) is a very advanced and powerful diagnostic technique that 

offers simultaneous measurement of various interfacial charge transfer 

dynamics and recombination mechanisms inside the device. This method is 

based on analyzing the electrical response of the device to a periodic voltage 

having variable frequency superimposed on a constant bias potential. These are 

typically represented by modeling appropriate equivalent circuits in terms of 

resistors and capacitors [19, 20]. 

 
Figure 2.11 Experimental setup for EIS measurement. 

2.7.1 Theory of Impedance 

The concept of electrical impedance can be realized starting from the 

theoretical concept of resistance. The electrical resistance of a material 
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represents the ability of the material to resist the flow of electrical current 

through it. It is defined by well known Ohm’s law as the ratio between voltage 

(V) and current (I)                                                        � = ��                                                              (2.7 ) 

But the applicability of this relationship is restricted to a single circuit element, 

the ideal resistor. However, most of the systems under investigation contain 

circuit elements with much more complicated behaviour. This implies that the 

basic idea of resistance should be replaced by a more general parameter: 

impedance, which incorporates not only the respective amplitudes of voltage 

and current but also their relative phases. Impedance is also a measure of a 

circuit’s capacity to resist the flow of electrical current in a specific way, but it 

isn’t restricted to the features of a pure resistance. Impedance is a broad term 

that refers to the collective obstruction to current offered by resistances, 

capacitances, and inductances present in the device or the circuit. Typically, 

electrochemical impedance is analyzed by delivering an alternating potential to 

an electrochemical cell and measuring the current flowing through it. It is 

generally measured. In order to produce a linear response from the cell, 

electrochemical impedance is generally measured by applying a small 

sinusoidal excitation potential and recording the corresponding current 

response from the device. This current response will also be a sinusoidal wave 

with the same frequency but a shifted phase. The applied sinusoidal excitation 

potential can be represented as                                                          � = �� sin ��                                                 ( 2.8) 

The corresponding current response from the device with a shifted phase may 

be written as   � =  ��  (sin �� +  �)                                         ( 2.9) 

where φ is the phase shift. The impedance of the system may be calculated 

using a formula similar to Ohm’s Law.  
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� =  �� =  �� sin ����  (sin �� +  �)                                  (2.10) 

It is usually more convenient to represent impedance using complex 

exponentials. The magnitude and phase of the input and output signals may be 

represented in a  much simpler way using these complex numbers. 

Furthermore, it provides a more powerful representation for circuit analysis 

purposes. 

 The applied potential and current response from the cell can be 

represented as a complex function having a form like � = �� exp( ���)                                                       (2.11 ) 

and                                � = �� exp �( �� − �)                                                (2.12 )        

respectively. 

Consequently, the complex impedance may be written as  � = �� =  ���� exp(��)                                 = �� ( ��� � + � ��� �) 

                                                           = �� + � ���                                           (2.13) 

where  �� = �� cos � and ��� = �� sin �   are the real and imaginary 

components of the impedance respectively. 

2.7.2 Nyquist and Bode plots 

During the impedance measurement, the system is generally kept in a 

steady condition prior to applying an alternating potential and measuring the 

corresponding alternating response current through the cell. Globally used 

impedance measurement setups allow measurement of the complex impedance 

and phase shift at a particular applied frequency The impedance of the system 

as a function of frequency may be easily obtained by varying the frequency of 

the applied signal in a continuous way. Impedance parameters for specific 

internal components of the cell can be assigned using proper model equivalent 

circuits (which might have multiple options dependent on splitting an actual 
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device into component structures). The recorded data is usually represented in 

two ways; one is the Nyquist plot depicting the plot between real (��) and 

imaginary (���)  part of the impedance and another is the Bode plot depicting 

the variation of the magnitude of the impedance (�� =  |�|) or phase (�) with 

frequency (�) of the applied signal as shown in Fig. 2.12 (a) and fig. 2.12 (b) 

respectively. 

 
Fig. 2.12 Typical (a) Nyquist and (b) Bode plot. 
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2.7.3 Equivalent circuit for impedance measurement of DSSC 

A dye-sensitized solar cell is a very complex system, and its ultimate 

impedance response depends on the responses received from various 

components of the device. The electronic processes that occur within the DSSC 

are well represented by the transmission line model developed by Bisquert 

[21]. The transmission line model widely used to represent different charge 

transfer, recombination and diffusion processes occurring inside DSSC is 

shown in Fig. 2.13.  

 
Fig. 2.13 (a) Equivalent circuit for a complete solar cell; (b) Simplified circuit 

for insulating TiO2 (potentials around 0 V) as currents are low, Zd may be 

skipped and (c) Simplified equivalent circuit of a DSSC when the TiO2 is in 

conducting state ( At Voc bias potential) [22]. 
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Usually, the EIS measurement is carried out at the potentials near to Voc 

in order to in order to achieve consistency equivalent to that of a real system.  

The nanostructured oxide model has been simplified to a columnar model in 

this illustration, which depicts the mesoporous layer through which the 

electrolyte solution passes.  The different circuit elements are: 

 Rs is sheet resistance of the TCO layer and contact resistances. 

 R� =  r�L is the electron transport resistance.  
 Rr =  ��/� is the charge transfer resistance related to the recombination 

of the electrons at the TiO2+dye/electrolyte interface. 

 R��� is the charge-transfer resistance for electron recombination from 

the uncovered layer of the TCO to the electrolyte. 

 C��� is the capacitance at the triple contact TCO/TiO2/electrolyte 

interface 

 �� is the capacitance at the TiO2+dye/electrolyte interface. 

 Zd(sol) is the impedance of the redox species diffusion into the 

electrolyte, generally called Nernst impedance ZN. 

 RPt is the charge transfer resistance at the counter electrode. 

 CPt is the capacitance at the electrolyte/counter electrode interface. 

The first three mentioned elements are denoted in lowercase letters in 

Fig. 2.13(a), meaning the element per unit length for a film of thickness L, 

because they are distributed in a repetitive arrangement of a transmission line. 

Physical interpretation of the different electrochemical operations across the 

interfacial regions of the DSSCs can be made by fitting the EIS spectra with the 

appropriate equivalent circuit. Generally, a typical Nyquist plot of a DSSC 

exhibits three semicircles (Fig. 2.14). The first semicircle in the high frequency 

range (above 100 Hz) describes the charge transfer at the Pt/electrolyte 

interface (Z1), the second semicircle at an intermediate frequency range (1-100 

Hz) is related to the recombination at the photoanode/electrolyte interface and 

the charge transport into the semiconductor (Z2). The third one at low 
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frequency (below 1 Hz) represents the diffusion in the electrolyte (Z3) and is 

attributed to the Nernst contribution. If the voltage is reduced, the two external 

semicircles are incorporated into the biggest one. Nevertheless, these Nyquist 

plots have one major limitation: they do not give complete information on the 

exact frequency used to record one point. 

 
Fig. 2.14 Typical Nyquist plot of a DSSC under Open circuit condition. 

Another important representation of the EIS data is Phase bode plot 

representing Phase (-θ) vs. Frequency (f) curve. Unlike the Nyquist plot, the 

very important aspect of this plot is that frequency information is not lost.  
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Fig. 2.15 Typical Bode plot (Phase) representation of a DSSC. 

The average carrier lifetime can be estimated from phase bode plots (shown in 

Fig. 2.15) using the formula  �� = 12����� 

where fmax represents peak frequency in the mid-frequency range [23].  
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3.1. Introduction 
With the increasing world population, spreading urbanization and 

technological advancement, matching the energy supply with the energy 

demand is the major challenging issue the world is facing these days. The 

environmental consequences related to extensive use of fossil fuels, safety 

related issues of nuclear power, ever-growing energy demand and depleting the 

stock of fossil fuels have motivated the researchers to search for alternative 

economically and environmentally sustainable renewable energy sources [1]. In 

such a context of global energy requirements, among all the non-polluting and 

renewable energy sources, the photovoltaic technology utilizing solar energy 

has emerged as the most assuring candidate [2]. Though conventional 

photovoltaic devices (silicon-based solar cells) are promising for the direct 

conversion of photons into electrons, the prohibitive cost of these cells is non-

competitive with conventional power generating methods [3, 4]. On the 

contrary, dye-sensitized solar cells (DSSCs), invented by O’Regan and Grätzel 

in 1991, are non-conventional photovoltaic technology based solar cells that 

have attracted significant attention because of their novel fabrication concept 

derived from nature’s principle (photosynthesis), easy fabrication procedure 

using abundant materials, cost-effectiveness, suitability for a wide variety of 

end-user products and can be made flexible. SSC is a device that performs the 

conversion solar energy into electrical energy based on the principle of 

sensitization of wide band-gap semiconductors [5]. The photoelectrochemical 

performance of a DSSC mainly depends on the selected Photoanode material, 

including its surface morphology and the sensitizing dye used [6-9]. Although a 

large number of different DSSCs have been investigated, most of them are not 

commercially popular until now because of their issues with low conversion 

efficiency, higher production cost, lower stability and durability [10, 11] 

Different inorganic, organic and hybrid dyes were employed as 

sensitizers in DSSCs. But among all of them, the ruthenium complexes are the 
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most popular sensitizers because of But among all of them, the ruthenium 

complexes are the most popular sensitizers because of their exceptional charge 

transfer mechanics and absorption across the complete visible range along with 

intense metal-to-ligand charge transfer mechanism [12]. But the significant 

downsides of Ruthenium dyes are its rareness, high cost and complicated 

synthesis process [13].Also, ruthenium polypyridyl complexes contain heavy 

metal, which is harmful to the environment [14]. In order to find out low-cost 

and environment-friendly alternatives to these expensive ruthenium 

compounds, researchers are focusing on easily available natural dyes extracted 

from various natural resources. Many researchers have studied sensitizing 

effects of several natural dyes derived from various fruits, flowers and leaves 

[15]. Most of them are used with TiO2 nanostructures as photoanode[16-20]. 

However, ZnO has recently emerged as a great potential alternative to TiO2 

due to its fascinating electrical and optical properties. ZnO is a wide band gap 

semiconductor having a direct band gap of 3.37 eV, making it suitable as a 

photoanode material for DSSC [21, 22]. Apart from this, ZnO is very easy to 

synthesis, abundant, inexpensive and poses higher electron mobility (200-300 

cm²V-1S-1for bulk material and 1000 cm²V-1S-1 for nanowire) than that of TiO2 

nanoparticles (0.1-4cm²V-1S-1) [23-25]. Moreover, the 1-D single-crystalline 

rod-like structure of ZnO nanorods provides a higher surface-to-volume ratio 

enabling better dye loading [26]. These qualities of ZnO make it a potential 

alternative to TiO2 for the fabrication of DSSCs. 

In this study, we aimed to combine natural sensitizers with two types of 

nanostructured ZnO to get both the advantages of ZnO and also the benefits of 

natural organic dyes targeting lower fabrication cost, echo-friendly devices 

along with good cell performance and wanted to find out the best suitable ZnO 

nanostructure-Natural dye combination. In this regard, we fabricated four 

DSSCs using two types of natural dyes, anthocyanin extracted from 

pomegranate (Punica granatum) and curcumin extracted from fresh 
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turmeric(Curcuma longa) and their electro-optical responses to investigate their 

usefulness as natural sensitizers when adsorbed onto ZnO nanorod (NR) and 

ZnO nanoparticle (NP) films in DSSCs has been studied. Hydroxyl and 

Carbonyl groups existing the natural sensitizers bound them easily to the 

surface of the ZnO nanorods, which facilitates very easy electron injection 

from LUMO of dye molecule to the conduction band of ZnO [27]. Along with 

that, we have also studied the effect of Rose Bengal as sensitizing dye in TiO2 

and ZnO nanoparticle based DSSCs. 

3.2. Experimental Section 
3.2.1.  Structure and Working principle of DSSC 

A typical DSSC consists of four elements: a photoanode with a thin 

layer of mesoporous wide bandgap semiconductor oxide layer (usually TiO2, 

ZnO, SnO2 or Nb2O5)over a transparent conducting substrate (ITO or FTO), a 

monolayer of the sensitizing dye adsorbed on the semiconductor oxide surface 

to facilitate light absorption, a redox mediator electrolyte solution (typically    I-

/ I3-) in an organic solvent and a counter electrode made up of a catalyst 

(platinized ITO or FTO) to facilitate charge collection. The schematic of device 

architecture and working principle of a typical DSSC is shown in Fig. 3.1(a) 

and Fig. 3.1(b). Upon exposure to the sunlight, dye molecule absorbs photon 

energy and goes through an electronic state change, the electron jumps from 

ground state (HOMO) to the excited state (LUMO). As a result, electron 

injection into the conduction band of the semiconductor oxide (ZnO) film 

occurs, whereby the dye molecule gets oxidized. This oxidized dye molecule is 

regenerated by taking an electron from the redox species of the electrolyte      

(I-).Subsequently, I- is regenerated by reduction of I3
- with electrons migrated 

from photo anode via external load and collected at the counter electrode, 

completing the cycle [5, 6]. 
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Figure 3.1 Schematic diagram and basic working mechanism of DSSCs based 

on (a) ZnO   nanoparticle (b) ZnO nanorod. 
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3.2.2.  Materials used 

Transparent ITO coated glass (10 Ω/ square) was purchased from 

Techinstro, India. The liquid platinum paint (Platisol T) purchased from 

Solaronix, Switzerland, was used to prepare the platinum-coated transparent 

counter electrode. Commercial ZnO and TiO2 nanopowder , Zinc acetate 

dehydrate, Hexamethylenetetramine and Rose Bengal dye, all were purchased 

from Sigma Aldrich. Ethylene Glycol (Sigma Aldrich) was used as a solvent 

for the electrolyte preparation using KI (S D Fine-Chemical Ltd., India) and I2 

(RANKEM, India). Meltonix 1170-60(60µm) purchased from Solaronix was 

used as a spacer between the electrodes to avoid short-circuiting between the 

ITO   and electrolyte. 

3.2.3.  Extraction and Preparation of Organic Dye Sensitizers 
In the fabrication of Dye Sensitized solar cells, selecting the dyes is a 

crucial task as it significantly affects the performance and production cost of 

the cells. By choosing abundant natural dyes instead of expensive synthetic 

ruthenium dyes we can reduce the production cost by a large amount. In this 

work, we have chosen Curcumin and pomegranate juice extracts as sensitizers. 

Curcumin was extracted by grinding turmeric root in an iron mortar and then 

mixing in 100ml ethanol. After extraction, Solid residues were filtered out to 

obtain a clear natural dye solution.  

For pomegranate extraction of pomegranate juice, afresh pomegranate 

was squeezed and mixed with 100ml deionized water. This solution is also 

filtered to obtain pure dye. The dye solutions were properly stored, protecting 

from direct sunlight for further use. Studies have shown that Curcumin dyes 

have two forms and they are identified as Keto and Enol  [28]. On the contrary, 

it was found that pomegranate juice mostly contains six types of anthocyanins. 

These are cyanidin 3-glucoside, cyanidin 3,5-diglucoside, delphinidin 3-

glucoside, delphinidin 3,5-diglucoside, pelargonidin 3-glucoside and 
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pelargonidin 3,5-diglucoside [29]. The chemical structures of these dyes are 

shown in Fig. 3.2.  

 

Figure 3.2  Chemical structures of Curcumin (a & b) present in turmeric and 

six major anthocyanins (c- h) present in Pomegranate fruit extracts. 

For Rose Bengal dye sensitization, 0.5 mM ethanolic solution of pure 

Rose Bengal dye was prepared. Chemical structure of rose bengal dye is shown 

Fig. 3.3. 
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Figure 3.3 Chemical structure of Rose Bengal dye. 

3.2.4.  Preparation of working electrodes 
     To prepare the working electrode, first, the ITO coated glass was cut into 

2×2cm square shaped pieces. Cleaning of this substrate is very important as it 

removes any organic or inorganic contaminant present on its surface which can 

significantly affect the performance of the cells. Furthermore, cleaning 

enhances the adhesion of the subsequent layers to be deposited over it. The ITO 

substrates were cleaned using dilute HCl for 15 minutes in an ultrasonic cleaner 

to remove oxide impurities. Then they were rinsed extensively with deionized 

water to remove the HCl residues. The substrates were then cleaned in acetone, 

ethanol and deionized water for 15 minutes each using an ultrasonic bath. 

Finally, the substrates were dried using a hairdryer.  The cleaned substrates 

were masked using scotch tape on four sides, leaving the central area empty for 

semiconductor material deposition. 

ZnO nanorods were grown on the ITO coated glass substrate following a 

simple two-step Sol-Gel spin coating protocol followed by hydrothermal 

growth [30]. In the first step, a thin ZnO seed layer was formed on the ITO 

glass substrates using 5mMZinc acetate dehydrate (CH3COO)2Zn, 2H2O, (98% 

Merck) in acetone as precursor solution. The solution was mixed well using an 

ultrasonic bath for 2 hours at room temperature and spun onto cleaned and 

masked ITO coated glass substrates using a programmable spin coater (Apex 

Technologies, Model SCU-2008C) at 1000 rpm for 30 seconds. The coated 
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substrates were then annealed at 350oCtemperature for 30 minutes. After 

evaporation of the solvent, a thin ZnO film was formed whose thickness can be 

controlled by repeating the above process. In this way, the seed layer is formed. 

The thickness of the film can also be controlled by varying solution 

concentrations and the spinning speed of the spin coater [31]. In the second 

step, vertically aligned ZnO nanorods were grown over the seed layer coated 

ITO glass substrate by hydrothermal method. In this method, the seed layer 

coated substrate was immersed in a solution containing an equal proportion of 

5mM Zinc acetate dehydrate (CH3COO)2Zn, 2H2O and 5mM 

Hexamethylenetetramine (C6H12N4) at 90oC temperature in a Pyrex vessel for 2 

hours. This creates an array of vertically aligned ZnO nanorods on the 

substrate. It was then taken out from the solution and rinsed immediately with 

ethanol and deionized water to remove any leftover residues from the film 

surface and allowed to air dry at room temperature. Finally, the ZnO nanorod 

formation was completed by annealing the film at 450oC for 30min. This ZnO 

nanorod array coated substrates were then immersed in the dye solutions to 

allow adsorption of the dye molecules onto the semiconductor nanorod surface 

for 24 hours. Then the electrodes were taken out from the solutions and rinsed 

with ethanol and deionized water to remove the excess dye from the 

photoanode surface of the films and air-dried at room temperature. The counter 

electrode was prepared by spin coating the platinum precursor solution (platisol 

T–solaronix) at 1000 rpm for 30 seconds onto a drilled ITO substrate and 

giving heat treatment at 450oC for 15 minutes. The flow chart representing the 

whole process of growth of the ZnO nanorods is shown in Fig. 3.4. below.   
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Figure 3.4 Flow chart for preparation of ZnO nanorod layer. 

   

Figure 3.5 (a) Spin Coater for seed layer formation (b) vessel for nanorod 
grow. 

On the other hand, the nanopowder based photoelctrodes were prepared 

by doctor blade method. At first, 10 gm of the nanopowder was mixed with 

diluted acetic (1ml in 50 ml deionized water) acid in a mortar and pastel and 

ZnO thin film Nanorod

Rinse substrate with de ionized water and dry

Dip substrate in a mixture of 5mM Zinc Acetate and 
5mM Hexamine and boil for 2hr at 90C

Seed Layer formation

Spin coating on ITO coa
ted glass at 1000rpm and  Annealing at 350C for 30min

Zinc Acetate in Acetone
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added a few drops of Triton X100 (Merck) as surfactant and ground 

continuously until a homogenous, smooth suspension was obtained. The lump-

free slurry was then applied on the conductive side of an ITO-coated glass 

using the doctor blade method to make a homogeneous layer. To strengthen the 

bonding between the ITO glass and the semiconductor paste, the nanopowder 

coated ITO glass plates were sintered in normal atmospheric condition at 

450°C for 45 minutes. In the sintering process, after introducing the sample in 

the furnace, the temperature was raised with a rate of 10°C/5 min until the 

temperature had reached 350°C and after that, it was increased with a rate of 

10°C/10 min until 450°C. When it cooled down to room temperature, the 

sintered substrates were immersed in the Rose Bengal dye solution for dye 

adsorption on the surface of the TiO2 and ZnO nanoparticles for 24 hours. 

Image of TiO2 photoanode during sintering process and after sintering is shown 

in Fig. 3.6.   

 
Figure 3.6 TiO2 nanopowder coated ITO (a) during sintering process (b) after 
sintering. 

3.2.5.  DSSC assembling 
To assemble the solar cell, the conductive side of the platinum coated 

counter electrode was placed over the dye adsorbed ZnO nanorod photoanode 
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so that the platinized side of the counter electrode faces the ZnO film. Surlyn 

spacer (Meltonix 1170-25µm) was placed between them to prevent the 

uncoated areas of the electrodes from short-circuiting. Two binder clips were 

used to firmly clamp the two electrodes together in a sandwich manner. The 

redox electrolyte was prepared by mixing 0.5 M KI and 0.05 M I2 in Ethylene 

Glycol (Fig. 3.7 (b)) solvent in a proportionate amount. This electrolyte 

solution was injected into the cell through the drilled hole on the counter 

electrode. The hole was then sealed using a hot melt sealant. The effective cell 

area was 1 cm2. Fig. 3.7(a) depicts the picture of a complete cell fabricated 

using ZnO nanoparticle and curcumin dye. 

      

Figure 3.7 (a) Cell Fabricated with Curcumin dye (b) KI + I2 Electrolyte.  

3.2.6.  Device Characterization and Measurements 
The absorption spectra of the dyes were studied using a Perkin Elmer 

Lambda–35 UV-VIS spectrophotometer in the wavelength range of 200-600nm 

range. The crystalline structure of the ZnO films was studied using a 

PANalytical X’Pert PRO X-ray diffractometer with CuKα (30mA, 40 kV, λ= 

1.5406 Å). The surface morphologies of the ZnO films were characterized by 

using scanning electron microscopy (JEOL). The current-voltage (I-V) 

characteristics of the fabricated cells under illumination of 100mW/cm2 (Oriel 

Xenon lamp 450W) were recorded by employing a Keithley 2400 source meter 

connected to a PC.  
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3.3. Results and Discussion 
3.3.1.  UV-VIS absorption spectral analysis of the dyes 

   UV-VIS absorption spectra of the Curcumin, pomegranate and Rose 

Bengal dye are shown in Fig. 3.8. A clear difference among the absorption 

peaks of the dyes can be seen. Curcumin exhibits an absorption peak at 422 

nm, whereas pomegranate fruit extract solution at 517 nm. The Rose Bengal 

shows absorption peak at 549 nm. The difference in the absorption peaks is due 

to the different types of colours and chromophores present in curcumin, 

pomegranate and Rose Bengal dyes. 

 

 

Figure 3.8 Absorption spectra of the (a) curcumin and anthocyanin 

(pomegranate) (b) Rose Bengal sensitizers used to fabricate DSSCs. 
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3.3.2.  X-ray diffraction analysis of the ZnO film 
  The structural and crystalline quality information of the synthesized ZnO 

nanorods, purchased ZnO and TiO2 nanoparticles were studied using X-Ray 

diffraction pattern of the samples and shown in Fig. 3.9, Fig. 3.10 and Fig. 3.11 

respectively. The consistency of the obtained diffraction peaks of ZnO samples 

were confirmed by comparing them with the standard JCPS card no. 36-1451. 

A remarkably enhanced diffraction peak for the (002) plane at 34.4595 o can be 

clearly observed for the ZnO Nanorods. It indicates strong preferential growth 

of ZnO nanorods along the c-axis and vertical alignment on the ITO substrate 

and the hexagonal wurtzite structure. XRD of TiO2 and ZnO nanoparticles are 

shown in Fig. 3.10 and Fig. 3.11 respectively. 

 
Figure 3.9 XRD pattern of the ZnO nanorods synthesized by a sol-gel spin 

coating method. 
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Figure 3.10 XRD of TiO2 nanopowder.  

 

 
Figure 3.11 XRD of ZnO nanopowder 
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3.3.3.  Scanning Electron Microscope Studies 
Scanning electron microscopy (SEM) was carried out to study the 

morphological properties of the sample film. Fig. 3.12(a) shows the SEM 

image of the ZnO nanorod arrays on ITO substrate.  The SEM observation 

reveals that most nanorods have grown vertical to the seed layer on the ITO 

substrate and have a hexagonal wurtzite structure. The nanorods have 

diameters ranging from 100-200 nm with an average length of 300 to 400 nm 

and in the case of nanoparticles, the average particle size was around 50nm. 

EDS analysis was performed to investigate the chemical composition of the 

nanorods, which is shown in Fig. 3.11(b). It clearly confirms the presence of 

Zn and O in the photoanode. The unidentified peaks are due to the presence of 

indium (In) and tin (Sn) in the ITO substrate. The SEM and EDS of TiO2 

nanopartilces are shown in Fig. 3.13. 

 

Figure 3.12 SEM image of (a) ZnO nanorods grown on ITO substrate (b) EDS 

spectra of the   nanorod sample showing elemental composition (c) & (d) ZnO 

nanoparticle deposited sample at lower and higher magnification respectively. 
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Figure 3.13  (a) SEM image of TiO2 nanoparticles (b) EDS of TiO2. 

3.3.4.   Current-Voltage Characteristics study of the cells: 
Solar cell efficiency measurements 
The current-voltage characteristic of a Solar cell allows us to determine 

the photovoltaic performance of the cell. The J-V curves of the fabricated cells 

under the illumination of 100 mW/cm2 are shown in Fig. 3.14 (a). The Power-

Voltage plot to calculate the maximum power point (Pmax), Imax and Vmax are 

represented in Fig.3.14 (b). Table 3.1 shows various parameters extracted from 

the I-V curves of the ZnO nanorod-based DSSCs fabricated using natural dyes 

Curcumin and Pomegranate. The solar cell fabricated using Curcumin extract 

exhibits higher short-circuit photocurrent density (JSC), open-circuit voltage 

(VOC) and fill factor (FF) compared to the DSSC fabricated using pomegranate 

extract as a dye. In addition, the Curcumin dye cell shows an improved overall 

photoelectric conversion efficiency () over the anthocyanin dye cell. The 

efficiency of these natural dye-based cells may be low compared to the 

synthetic dye-based DSSCs, but these values are comparable to the efficiencies 

obtained for natural dye-based DSSCs reported by other researchers [33].  
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Figure 3.14 (a) Current density-Voltage characteristics of the natural dye based 

cells under illumination (b) Power-Voltage curve to obtain maximum power 

point. 

Equivalent circuit modeling is a very important tool required for better 

understanding and explaining the solar cell performance and analysis of the 

electrical processes occurring inside the cell. The functioning of a solar cell is 

generally modeled by a single diode with a constantphoto-generated current 



 

source, a series (Rs) and shunt resistance (R

current-voltage relation is given by the equation            � = ��� − �� ���� �(�
where Iph, Io,Rs,Rsh, q,A,kB 

the diode, the series resistance, the shunt resistance, the electron charge,

ideality factor, the Boltzmann constant, and absolute temperature, respectively 

[34]. 

Figure 3.15 The equivalent circuit (single diode model) of a solar cell

The circuit parameters like R

Instead, they are calculated by

equation 1. Values of these parameters obtained for the fabricated cells are also

represented in table 3.1.  

Table 3.1.  Solar Cell parameters

Cell 
Name 

Dye used & 
ZnO 

nanostructure 
(mA/cm

Cell-1 Curcumin & 
ZnO NR 

1.43

Cell-2 Anthocyanin 
& ZnO NR 

1.20

Cell-3 Curcumin & 
ZnO NP 

1.27

Cell-4 Anthocyanin 
& ZnO NP 

0.98

) and shunt resistance (Rsh) as shown in Fig.

voltage relation is given by the equation �(�(� + ���)���� � − 1� − � + ������                       
 and T are the photocurrent, the saturation current 

resistance, the shunt resistance, the electron charge,

ideality factor, the Boltzmann constant, and absolute temperature, respectively 

The equivalent circuit (single diode model) of a solar cell

parameters like Rs and Rsh are not directly measurable.

hey are calculated by fitting the experimental J-V curve with the 

. Values of these parameters obtained for the fabricated cells are also

Solar Cell parameters of DSSC’s fabricated with natural dyes.

Jsc 
(mA/cm2) 

Voc 
(V) 

Rs        
(Ω cm2) 

Rsh      
(Ω cm2) 

FF 

1.43 0.49 86.28 7866.28 0.59 

1.20 0.43 116.67 2722.90 0.46 

1.27 0.46 101.19 6629.31 0.56 

0.98 0.45 146.87 4659.92 0.48 
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wn in Fig.3.15. The 

             (1) 

are the photocurrent, the saturation current of 

resistance, the shunt resistance, the electron charge, the 

ideality factor, the Boltzmann constant, and absolute temperature, respectively 

 

The equivalent circuit (single diode model) of a solar cell. 

are not directly measurable. 

V curve with the 

. Values of these parameters obtained for the fabricated cells are also 

with natural dyes. 

Efficiency 
( %) 

 
0.41 

0.24 

0.33 

0.21 



 

Cell-1 shows 

This indicates improved electrical contacts, lower junction resistances and 

better ZnO nanorod morphology in 

means greater voltage drop inside the cell resulting in lower terminal volt

and sagging of current controlled part of the J

which can be correlated with table 

single diode equivalent circuit of the solar cell (F

that Rsh provides an alternative path to the photocurrent

losses in the solar cell. Lower R

electrodes of the solar cell giving rise to leakage current. So, the 

of Rsh of cell-1 attrib

cell performance. Also, from table 

resistance results in 

photoconversion efficiency.

For DSSCs fabricated with R

measurement ( Fig. 3.16 (a))

current than ZnO cells, both sensitized with Rose Bengal dye. The dark current 

which actually flows in opposite direction to the original current minimizes the 

cell efficiency. Higher dark current of TiO

efficiency. 

  
Figure 3.16 (a) Dark current measurement (b) I
under illumination fabricated using TiO2 and ZnO

1 shows the lowest series resistance (Rs) compared to other cells. 

This indicates improved electrical contacts, lower junction resistances and 

better ZnO nanorod morphology in the case of cell-1. Higher series resistance 

means greater voltage drop inside the cell resulting in lower terminal volt

and sagging of current controlled part of the J-V curve towards the origin

which can be correlated with table 3.1 and Fig. 3.14(a). In addition, from 

ent circuit of the solar cell (Fig.3.15), it can be clearly seen 

provides an alternative path to the photocurrent, which causes power 

losses in the solar cell. Lower Rsh results in partial shorting between the two 

electrodes of the solar cell giving rise to leakage current. So, the 

1 attributes to the lowest leakage current resulting

cell performance. Also, from table 3.1 it can be confirmed that higher shunt 

resistance results in a higher fill factor and consequently better 

efficiency. 

For DSSCs fabricated with Rose Bengal dye, In dark current 

( Fig. 3.16 (a)) it was observed that TiO2 cells shows higher dark 

current than ZnO cells, both sensitized with Rose Bengal dye. The dark current 

which actually flows in opposite direction to the original current minimizes the 

cell efficiency. Higher dark current of TiO2 cell attributes to the low

(a) Dark current measurement (b) I-V characteristics of the cells 
under illumination fabricated using TiO2 and ZnO. 
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) compared to other cells. 

This indicates improved electrical contacts, lower junction resistances and 

1. Higher series resistance 

means greater voltage drop inside the cell resulting in lower terminal voltage 

V curve towards the origin, 

(a). In addition, from the 

it can be clearly seen 

which causes power 

results in partial shorting between the two 

electrodes of the solar cell giving rise to leakage current. So, the highest value 

resulting in improved 

it can be confirmed that higher shunt 

higher fill factor and consequently better 

se Bengal dye, In dark current 

cells shows higher dark 

current than ZnO cells, both sensitized with Rose Bengal dye. The dark current 

which actually flows in opposite direction to the original current minimizes the 

cell attributes to the lower 

 

V characteristics of the cells 
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Figure 3.17 Power vs. Voltage graph of the cells fabricated with Rose Bnegal. 

The I-V characteristic of the cells under illumination is shown in Fig. 

3.16 (b). Fig. 3.17 displays the Power-Voltage curve to obtain maximum power 

points. Table shows comparative performance of the TiO2 and ZnO cells in 

terms of open circuit voltage (VOC), Short circuit current (ISC), Fill Factor (FF) 

and energy conversion efficiency. 

Table 3.2  Photovoltaic performance of the Rose Bengal sensitized cells. 

Material ISC (mA/cm2) VOC(V) FF Efficiency 

( %) 

 

TiO2 1.65 0.514 0.35 1.18 

ZnO 2.03 0.501 0.36 1.47 

From table 3.2 we can see that ZnO cells are more efficient than TiO2 

cells when sensitized with Rose Bengal dye. This may be due better adsorption 

of Rose Bengal dye on ZnO nanoparticle surface than TiO2 nanoparticle 

surface. Also the higher dark current of TiO2 cell (shown in Fig.3.16(a)), which 

indicates higher recombination of electrons in case of TiO2 cells than ZnO 

cells, attributing lower efficiency. 
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3.3.5.  Electrochemical impedance spectroscopy study of the 
cells 
The electrochemical impedance spectroscopy is a very useful diagnostic 

technique that has often been performed to investigate the interfacial charge 

transfer dynamics and recombination mechanisms occurring inside a DSSC 

[35]. These are generally modelled using the appropriate equivalent circuit in 

terms of resistors and capacitors. The EIS measurements were performed using 

HIOKI Impedance Analyser in the frequency range 0.1 Hz to 190 kHz under 

dark condition with employing an AC sinusoidal signal having an amplitude of 

10mV under the influence of Voc bias voltage. EIS findings as Nyquist plot of 

the DSSCs are shown in Fig. 3.18(a). Physical interpretation of the different 

electrochemical operations across the interfacial regions of the DSSCs can be 

done by fitting the EIS spectra with the equivalent circuit shown in Fig. 

3.18(b).Generally a typical Nyquist plot exhibits three semicircles. However, 

only two semicircles are present in our study due to low-frequency limitation of 

our instrument. The first smaller semicircle (in the high-frequency range) 

attributes to the charge transfer resistance at the Pt counter 

electrode/Electrolyte interface (RCE) and the second semicircle (mid-frequency 

range) having a higher diameter corresponds to the resistance of charge transfer 

and recombination process at the ZnO photoelectrode/dye/electrolyte interface 

(Rct). The intercept of the first semicircle in the high-frequency range on the 

real axis of the Nyquist plot is associated with the contact resistances and 

external ohmic series resistance (RSER) of the assembled cell [36]. The 

experimental Nyquist plot is fitted with the equivalent circuit shown in the inset 

of Fig. 3.18(a) using MEISP software by Kumho Chemical Laboratories, based 

on the algorithm developed by Prof. J. R. Macdonald (LEVM v7.0) for non-

linear complex least square fitting, and the obtained parameters are represented 

in table 3.3. The chemical capacitance (Cµ) is very useful in illustrating the 

underlying mechanism through which photoelectrons store free energy and 

generates current and voltage in the outer circuit [37]. Also, the chemical 
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capacitance (Cµ) reflects charge carrier accumulation on the ZnO film and the 

density of states in the band-gap region [38]. From table 3.3, it can be seen that 

Cell-1 exhibits a much higher Cµ value than the other cells, which indicates the 

conversion of a higher amount of photon energy into chemical energy resulting 

in a higher amount of energy storage by virtue of carrier injection into the 

conduction band of ZnO. Reduced Cµ values for cell-2,3 &4 also suggest poor 

dye loading   [39, 40]. It can also be observed from the Nyquist plot that the 

recombination resistance (Rrec) at the ZnO NR- Dye/ Electrolyte interface is 

highest for cell-1 compared to the other three cells. This shows that cell-1 has 

better resistance to the charge recombination between the photo-generated 

electrons and the electron acceptors in the red-ox electrolyte attributing lower 

recombination current [41]. 

 

Figure 3.18  EIS spectra of DSSCs (a) Nyquist Plot (b) Equivalent circuit for 

fitting (c) Bode Phase plot and (d) Bode magnitude plot for impedance. 
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Table 3.3.  Summary of EIS parameters of the DSSCs determined by fitting the 

experimental data. 

Cell 
Name 

Dye used & ZnO 
microstructure 

RSER 
(Ω) 

Rrec(Ω) RCE 
(Ω) 

Cµ 
(µF) 

Peak 
freq. 
(Hz) 

Electron 
lifetime 

(τe) 
(ms) 

Cell-1 Curcumin & ZnO 
NR 42.85 173.21 16.28 83.16 22 7.24 

Cell-2 Anthocyanin & ZnO 
NR 40.93 156.37 15.17 59.41 33.29 4.78 

Cell-3 Curcumin & ZnO 
NP 43.25 129.74 17.56 42.52 51 3.12 

Cell-4 Anthocyanin & 
ZnO NP 41.63 103.56 16.85 29.40 88.48 1.80 

 

As all the cells' counter electrodes were prepared using the same 

procedure, the values of RCE are almost the same for all four cells. Another 

important representation of the EIS data is Phase and Magnitude bode plots 

representing Phase (-θ) vs. Frequency (f) and Magnitude of Impedance (|Z|) vs. 

Frequency curve. Unlike the Nyquist plot, the very important aspect of this plot 

is that frequency information is not lost. The average carrier lifetime can be 

estimated from phase bode plots (shown in EIS Fig. 3.18(b)) using the formula                                                         �� = 12�����                                                         (2) 

where fmax represents peak frequency in the mid-frequency range [42]. ZnO NR 

loaded with Curcumin dye shows the lowest characteristic peak frequency 

attributing to the highest electron lifetime in the LUMO of the Curcumin dye 

molecule. It shifts towards higher frequency values for the other cells, which 

results in decreased electron lifetime(refer to table 3.3).The lowest value of τe 

in ZnO NP cell loaded with anthocyanin (cell-4) extracted from pomegranate 

juice attributes to the fastest electron recombination leading to degraded overall 

cell performance.  
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On the other hand, bode magnitude plots depicted in Fig. 3.18(d) 

represents the variation of magnitude of impedance with frequency. It may be 

noted from bode magnitude plot shown in Fig. 3.18.(d) that at low frequencies 

the magnitude of impedance is high, which indicates higher recombination 

resistance. But with increase in frequency the impedance starts falling which is 

due to the faster electron recombination at higher frequencies. In the lower 

frequency region, the ZnO NR cell sensitized with Curcumin is showing 

highest magnitude of impedance implying slowest recombination rate, giving 

rise to highest short circuit current (ISC). In contrary, ZnO NP cell sensitized 

with anthocyanin extracted from pomegranate fruit shows the lowest 

impedance in the low frequency region implying fastest recombination process 

which is reflected in Table 3.3. The possible reason behind these behaviours 

may be the better adsorption of Curcumin dye molecules over the hexagonal 

rod shaped ZnO nanostructures in comparison to the other cells. It also can be 

seen that the value of characteristic frequency shifts towards lower side for 

increasing value of either Rrec or Cµ. One more thing can be noted from the 

impedance plots that the maximum value of phase angle is also decreases with 

the decrease in value of Rrec.  

3.4. Conclusions 
In this study, hexagonal-shaped ZnO nanorods with preferential growth 

along (002) plane were successfully grown on ITO substrates using low-cost 

sol-gel hydrothermal technique. The nanorods have diameters ranging from 

100-200nm. XRD study revealed remarkably high crystalline quality of the 

nanorods. These ZnO  nanorod-based substrates were used as photoanodes to 

prepare DSSCs using natural dyes extracted from pomegranate and turmeric. 

On the other hand, commercial ZnO nanopowder is also used to fabricate 

DSSCs using the same natural dyes. Photoelectrochemical performances of all 

four cells were recorded. From the J-V measurements, a clear enhanced overall 

cell performance was noticed for the cell constructed using ZnO nanorods and 
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sensitized using Curcumin dye compared to the other three cells. The probable 

reason behind this could be the higher amount of Curcumin dye molecule 

adsorption by the ZnO film due to the better interaction between the carbonyl 

and hydroxyl groups of Curcumin molecule and the ZnO nanorod film than that 

of Pomegranate extract. For a deeper understanding of the performances 

obtained from the cells, the different interfacial mechanisms of the cells were 

investigated using the EIS technique. It is found that the shape of ZnO 

nanostructures and different dye molecules present in the extracts affected the 

electrochemical parameters of the cells. The   Best performance of the cell 

prepared with ZnO nanorod with Curcumin dye is found to be due to highest 

chemical capacitance (Cµ) along with lowest electron recombination rate and 

fast charge transport along the ZnO nanorod. Therefore, the Curcumin dye 

should be an alternative to anthocyanin source for natural dye sensitized solar 

cells. These results also show that the performances of the natural extract based 

DSSCs can be enhanced significantly by combining suitable natural dye with 

the appropriate shape of semiconductor nanostructures and they can become a 

potential alternative to the synthetic sensitizers based DSSCs. In fact, such 

combination may results in environment-friendly, remarkably low cost and 

easily manufacturable dye sensitized solar cells. We can also observe that ZnO 

based cells are more efficient than TiO2 based cells when sensitized with Rose 

Bengal dye. 
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4.1. Introduction 

Increasing energy demand and environmental contamination are the two 

major problems faced by society in recent years. The major energy 

requirements of the world are fulfilled by fossil fuels (i.e., coal, petroleum and 

natural gas), which may not be sufficient to overcome the energy crisis in the 

future due to fast depletion, the rapid development of industrialization and 

environmental pollution[1-4]. To address these issues, scientists have focused 

on renewable and environment-friendly energy sources. As Sun represents an 

immense source of renewable energy, expected to provide an appreciable 

amount of power in the future, it is the most widespread type of alternative 

energy source among all the renewable energy sources [5-7]. Dye-sensitized 

solar cells, an unconventional photoelectrochemical device that directly 

converts photo-energy into electrical energy, have drawn much more attention 

than conventional silicon solar cells due to their easy fabrication technique, the 

low-level requirement of the high-temperature process, cost-effectiveness and 

environment-friendly nature [8, 9]. But until now, DSSCs are not commercially 

viable as the reason for their comparatively low conversion efficiency and 

stability issues compared to the silicon-based solar cells [10]. Photo anode, the 

heart of a DSSC system plays a key role in enhancing the overall performance 

of the DSSC by transferring electrons and supporting the Dye molecules [11]. 

It consists of a nanostructured mesoporous semiconductor film deposited on a 

conducting glass or a flexible substrate [12, 13]. An ideal photoanode material 

should have some properties of high charge carrier mobility, significantly high 

surface areas, environmental friendliness, cost-effectiveness, and 

comparatively less electron-hole recombination rate.  The band edge positions 

and corresponding band gap values of several commonly used wide bandgap 

metal oxide semiconductors are shown in Fig. 4.1 [14, 15].   The 

semiconducting oxide material TiO2 is mostly used as a photoanode because of 
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Moreover, the nonreactive nature of WO3 in acidic environments may provide 

the solution of long-term stability issues in DSSCs with more acidic 

electrolytes. However, DSSCs based on pure WO3 photoanode have been 

proven to be inefficient. On the other hand, DSSCs based on surface modified 

WO3 photoanode by ultrathin layer of TiO2 exhibited significant increase in 

power conversion efficiency [22]. ZnO can be used as a substitute for TiO2 due 

to its agreeable properties in the view of high electron mobility and abundant 

nanostructure morphologies [23-25].  To the best of our knowledge, however, 

there are no detailed reports found in which surface modification of WO3 is 

done by an ultrathin layer of ZnO in the fabrication of DSSCs. In this work, we 

have prepared the WO3 photoanode and a facile sol-gel spin coating technique 

was utilized to alter the surface property of it by a thin layer of ZnO. Very 

careful control of the thickness of the ZnO layer is necessary to get the 

optimum performance out of the solar cell and for this purpose different 

concentration of ZnO precursor solution was used. 

4.2. Materials and Method 
4.2.1. Preparation of working electrodes 

All the reagents used in the fabrication process were of analytical 

grades. So no further purification was required. To prepare the thin films of the 

photoanode materials, the ITO coated glass substrates were first cleaned with 

dilute HCl in an ultrasonic bath for 15 minutes and then thoroughly rinsed with 

deionized water to remove the HCL residues. Then the substrates were cleaned 

with acetone and ethanol using an ultrasonic cleaning bath [26].  

The working electrode of the DSSC was prepared by following the 

standard doctor blade method.  The WO3 paste for doctor blading was prepared 

by mixing WO3 nanopowder with terpineol as solvent and ethyl cellulose as a 

binder and stirred continuously in order to obtain a smooth lump-free slurry. 
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The WO3 paste was then coated on the conductive side of the cleaned ITO 

glass substrate and subsequently annealed at 500oC for 2 hr in order to burn out 

the terpineol and ethyl cellulose contents of the working electrode and 

strengthens the bonding between the substrate the WO3 film. In addition to this, 

the annealing procedure also helps to improve the surface quality of the thin 

film along with increasing the crystallinity of the sample [22]. 

The Sol-Gel spin-coating technique was employed to deposit thin layers 

of ZnO onto the surface of the as-prepared WO3 photo-anode.  Zinc acetate 

dihydrate (CH3COO) 2 Zn, 2H2O, (98% Merck) was mixed with acetone at 

different molar ratios to obtain desired concentrations of ZnO precursor 

solution. The prepared solutions were then mixed extensively in an ultrasonic 

bath for 2 hours and then spin-coated on the WO3 coated substrate using a 

programmable spin coater (Apex Instruments Co. Pvt. Ltd, Model SpinNXG-

P1) at 2000 rpm for 30 seconds. The thickness of the ZnO film can be 

controlled by varying the precursor solution concentration. In our experiment 

we have prepared 1 mM, 5 mM, 10 mM, 15 mM, 20 mM, and 25 mM solutions 

of ZnO precursor and spin-coated them over WO3 film keeping the number of 

sol drops unchanged in order to obtain various ZnO film thickness and study 

the effect on the solar cell performance. The ZnO coated WO3 electrode was 

annealed at 450oC for 1 hour. All the electrodes were sensitized by immersing 

them in a 0.3 mM ethanolic solution of Ruthenium based dye 

(C26H20O10N6S2Ru) known as N3 (Solaronix) for 48 hours. The working 

electrodes were then removed from the solution and thoroughly rinsed with 

deionized water and ethanol to remove any excess dye from the semiconductor 

film surface and air-dried at room temperature.  

The counter electrodes of the cells were prepared by spin coating the 

platinum catalyst precursor solution Platisol-T (Solaronix) on the conducting 

side of the cleaned ITO coated glasses and heating on a hot plate at 450 o C for 

15 minutes.   
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Figure 4.2 (a) N3 dye, (b)Iodolyte AN50 electrolyte, (c) Platisol T used for 

preparing Pt counter electrode in DSSC fabrication. 

 

 
Figure 4.3 DSSC fabricated with N3 dye and WO3 as photoanode material. 

The dye adsorbed working electrode and Pt- coated counter electrode 

was assembled against the coated sides of each other in a sandwich manner 

using two binder clips with a Surlyn film (Meltonix 1170-25µm, Solaronix) 

gasket as a spacer in between them. The liquid electrolyte used in our 

experiment was a Solaronix high-performance electrolyte (Iodolyte AN50) 

with iodide/tri-iodide as redox couple, ionic liquid, and lithium salt and 

pyridine derivative as additives dissolved in acetonitrile solvent. The redox 

concentration of the electrolyte was 50 mM. The active area of the cells for 
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illumination was determined by employing a black mask of aperture size 0.25 

cm2. 

4.2.2. Characterization and Measurements  

The crystalline structure of the WO3 and ZnO were analyzed with the 

help of X-ray diffraction analysis using the PAN-analytical X’Pert PRO X-ray 

diffractometer (CuKα radiation, 30 mA, 40 kV, λ= 1.5406 Å). Scanning 

electron microscopy (JEOL) was done to reveal the surface morphology of the 

prepared thin films. More detailed structural information of the samples was 

obtained from Raman Spectroscopy. The Photocurrent-Voltage (I-V) 

characteristics data of the cells were recorded using Keithley 2400 digital 

source meter with the help of a computer under 100 mW/cm2 illumination 

(Xenon lamp 450W). HIOKI Impedance Analyzer in the frequency range of 

0.1Hz to 190 kHz was used to study the electrochemical impedance spectra of 

the cells.   

4.3. Results and Discussion 
4.3.1.  Structural and phase characterization WO3 photoanode 

Figure 4.3. shows the X-ray diffraction pattern of the as-purchased WO3 

nanopowder. The XRD pattern exhibits the coexistence of both the monoclinic 

and orthorhombic crystal phases. The peaks corresponding to the monoclinic 

phase well matches with the standard JCPDS card no. 43-1035 and the 

orthorhombic phase matches with JCPDS card no. 20-1324. Sharp and strong 

peaks signify the high crystalline nature of the sample [27, 28].  
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Figure 4.4 X-ray diffraction pattern of WO3 nanoparticles. The peaks 

correspond to Monoclinic (*) and orthorhombic (▪) phases of WO3 

respectively. 

The crystal phases are further confirmed by Raman spectra of the pure 

WO3 powder, which is shown in fig. 4.3 and it consists of well-resolved four 

sharp Raman peaks at 274, 329, 719 and 807 cm-1. The lower peaks centered at 

274 cm-1 and 329 cm-1 attributed to O-W-O bending vibrations and the higher 

peaks at 719 cm-1 and 807 cm-1 are due to W-O-W stretching mode vibration 

[29]. Sharp peaks suggest profoundly crystalline nature of the sample. All four 

Raman peaks attribute to the monoclinic phase [30]. However, the Raman 

peaks corresponding to the orthorhombic phase lie neighbouring to the peaks 

mentioned above. Consequently, both phases are believed to be present in the 

sample. No impurity was found in the Raman spectra of the pure WO3 sample. 
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Figure 4.5 Raman spectra of WO3 nanoparticle. 

4.3.2.  Surface Morphology study and energy dispersive 
spectroscopy of the photoanodes 

Scanning Electron Microscopy was employed to investigate the surface 

morphology of the pure and ZnO coated WO3 photoanodes. Fig. 4.4(a) shows 

the SEM image of pure WO3 photoanode on the FTO substrate whereas       

Fig. 4.4(b-g) show the SEM images of WO3 photoanodes coated with 1mM, 

5mM, 10mM, 15mM, 20mM and 25mM concentrations of ZnO precursor 

solution concentrations respectively. Highly porous films with nearly spherical 

shape WO3 nanoparticle having a diameter in the range of 140nm-150nm can 

be clearly seen from the SEM images. High porosity the film enhances the 

surface  



 

 

 

Figure 4.6 SEM images of (a) Bare WO

having WO3 coated with (b) 1mM (c) 5mM (d) 10mM (e) 15mM (f) 20mM and 

(g) 25mM ZnO precursor soluti

EDS of WO3 coated with 5mM ZnO.

SEM images of (a) Bare WO3 photoelectrode ; photoelectrodes 

coated with (b) 1mM (c) 5mM (d) 10mM (e) 15mM (f) 20mM and 

(g) 25mM ZnO precursor solution respectively. (h) EDS of Bare WO

coated with 5mM ZnO. 
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to volume ratio, consequently increasing the dye loading amount resulting in 

high photocurrent [31-34]. It can also be observed from the SEM images that 

the surface morphology of uncoated and ZnO coated WO3 substrate are not so 

visually different for low ZnO precursor concentrations, but for higher 

concentrations like 20 mM and 25 mM, the screening of  WO3 surface by ZnO 

nanoparticles may be evidently observed in Fig. 4.4(f) and 4.4(g). 

The EDS spectrum, which reveals the elementary analysis are shown in 

fig. 4.4(h) and 4.4(i) for bare WO3 and the WO3 surface coated with 5mM ZnO 

precursor solution concentration respectively. Predominating peaks of W and 

O2 in Fig. 4.4(h) unveil that the sample contains only WO3 whereas in          

Fig. 4.4 (i) additional strong peak of Zn confirms the presence of ZnO coating 

over WO3.  

4.3.3. Current-Voltage characterization of the cells  

The Current-Voltage characteristic is a crucial characterization to 

investigate the overall photovoltaic performance of a solar cell. Fig. 4.5(a) 

illustrates the I-V characteristics of the seven DSSCs based on pure and coated 

WO3 as photoanodes with different precursor solution concentrations. The 

overall photoconversion efficiency of the solar cell is given by   

h =  P���P�� =  I��V��FFP��                                         (1) 

Where Isc, Voc, FF and Pin represent the short circuit current density , open-

circuit voltage,Fill factor and incident light power respectively light power 

respectively. The fill factor is calculated by the formula  

 �� = I���V���I��V��                                                   (2) 
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Where Vmax and Imax are the voltage and current corresponding to the maximum 

output power point of the solar cell respectively. All the photovoltaic 

parameters obtained from the I-V curve are summarized in Table 4.1. 

 

Figure 4.7 Current-voltage characteristics of different cells under (a) 

Illumination and    (b) Dark. 
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A clear enhancement in the efficiency and fill factor due to the presence 

of ZnO on the WO3 surface compared to the bare WO3 electrode can be 

observed from Table 4.1. The fill factor, which represents the squareness of the 

I-V curve [35], is very low for bare WO3 which in turn decreases cell 

efficiency. The low fill factor may be attributed to the high recombination rate 

of electrons for bare WO3 photoelectrode DSSC. However, a significant 

improvement in the value of Jsc can be noted from table 4.1 upon ZnO coating 

over the WO3 surface which demonstrates the positive role of the ZnO layer in 

reducing the recombination process. The DSSC with 5 mM ZnO precursor 

solution concentration yielded the highest short circuit photocurrent JSC and 

efficiency η. But the photocurrent and the efficiency start falling sharply with a 

further increase in the precursor solution concentration. 

Table 4.1. Photovoltaic performance of uncoated and ZnO coated WO3 

photoanode based DSSC. 

ZnO precursor solution concentration Jsc 
(mA/cm2) 

Voc 
(V) 

FF Efficiency 
(h %) 

 

Pure WO3 

 

2.65 

 

0.42 

 

0.39 

 

0.44 

1 mM ZnO 2.98 0.53 0.63 1.07 

5 mM ZnO 3.58 0.55 0.62 1.21 

10 mM ZnO 2.32 0.56 0.62 0.80 

15 mM ZnO 1.67 0.56 0.60 0.38 

20 mM ZnO 0.68 0.57 0.38 0.15 

25 mM ZnO 0.32 0.58 0.47 0.09 

 

The maximum value of open-circuit voltage is determined by the 

difference between the Fermi level of the photoanode (metal oxide) material 

and the red-ox potential of the liquid electrolyte [36]. WO3 is known to possess 

a lower conduction band edge ( Ecb) i.e. more positive Ecb thereby reducing the  
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Figure 4.8 Schematic energy level diagram and mechanism of the (a) 

Conventional DSSC and (b) DSSC with the ZnO barrier. 
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open-circuit voltage (Voc). However, employing an ultrathin layer of more Ecb 

negative metal oxides like ZnO onto WO3 surface may increase the value of 

Voc as the photogenerated electrons from LUMO of dye molecules are now 

injected to the more negative conduction band of ZnO and then step down to 

the conduction band of WO3 which is illustrated in Fig.  4.6 (b). 

Furthermore, the energy barrier created due to the incorporation of ZnO 

onto the WO3 film surface may prevent the charge carrier recombination and as 

well as decreasing back transfer of electrons to the HOMO of the dye molecule. 

Aside from this, the ultrathin layer of ZnO incorporation on the WO3 surface 

facilitates the amount of dye adsorption and hence increasing the amount of 

photon absorption resulting in higher Jsc.  

The dark current measurement was done in order to interpret the 

variation of charge recombination reaction of the photogenerated electrons with 

I3
- ions at the Pt coated counter electrode/red-ox electrolyte interface.           

Fig. 4.5(b) shows the dark J-V characteristics of the DSSCs fabricated with 

uncoated and coated with different concentrations of the ZnO precursor 

solution. The photoelectron injection from LUMO of dye to the CB of the 

working electrode is completely absent in the dark condition and hence the 

dark current is mainly due to the diffusion of electrons from semiconductor to 

the redox electrolyte [37]. Ultrathin coating of ZnO layer on the WO3 surface 

decreases the dark current which can be observed in dark current characteristics 

in Fig. 4.5(b). On the other hand, the uncoated WO3 possesses a higher dark 

current for a particular bias voltage. This may be due to the fact that poor dye 

loading capacity of WO3 allows more direct contact between WO3 surface and 

liquid electrolyte. This facilitates the back transfer of electrons from WO3 to 

electrolyte via reduction of I3
- into I- which led to increased dark current [22]. 

But the coating of ZnO creates an energy barrier that effectively reduces the 

rate of electron recombination thereby decreasing the dark current, 

consequently suppressed recombination of charge carriers due to ZnO coating  
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Figure 4.9 Effect of ZnO precursor solution concentration on the values of 

photovoltaic parameters (a) JSC (b) FF (c) Voc and (d) η. 

increases cell FF. In addition to that, a very thin coating of ZnO also improves 

the dye loading which enables the ZnO treated WO3 DSSC to harvest more 

light energy compared to ordinary WO3 DSSC and significantly enhances 

current density. However, with the increase in the ZnO precursor concentration 

of more than 5 mM, the values of FF and Jsc start decreasing. This decrease in 

Jsc and FF might be due to the fact that thicker ZnO completely screens WO3 

from dye molecules. Moreover, a higher amount of ZnO content act as 

recombination sites [38]. Apart from this, an increased amount of ZnO 

deposition via increasing the ZnO precursor solution concentration promotes 

aggregation of Zn+2 ions and N3 dye which may decrease the photocurrent due 
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to light loss due to absorption and scattering of light by these aggregates [39-

41].  

Figure 4.7 shows the variation of the different DSSC performance 

parameters as a function of ZnO precursor solution concentration. The values 

of Jsc, FF, and η enhanced significantly for the cells with ultrathin  ZnO 

nanoparticles coating as compared to the cell with bare WO3 nanoparticle thin 

film. The best performance was obtained with 5 mM ZnO solution 

concentration with values of cell parameters like Jsc, Voc, FF, and η as 3.56 

mA/cm2, 0.55 V, 0.62 and 1.21 % respectively.  

4.3.4. Electrochemical impedance spectroscopy 
Electrochemical impedance spectroscopy was performed to further 

explore the interfacial charge transport properties and recombination 

resistances for a better understanding of the cell parameters. The EIS 

measurement was carried out at Voc bias voltage and applying an AC voltage 

of 10mV amplitude to the DSSC under 1 sun illumination in the frequency 

range 0.1 Hz to 190 kHz. The Nyquist plot of the different DSSCs fabricated 

using bare WO3 and with a coating of different concentrations of ZnO onto it 

are depicted in Fig. 4.8(a). Usually, a typical Nyquist plot consists of three 

semi-circles. The first semicircle in the high-frequency range is attributed to 

the charge transport resistance at the Pt counter electrode/ electrolyte interface, 

while the second semicircle in the mid-frequency range represents the 

recombination resistance at the semiconductor/dye/electrolyte interface. The 

third semicircle is associated with Nernst diffusion (Warburg diffusion 

impedance Zw) which is the impedance faced by the electrons during diffusion 

through the electrolyte [39]. However, in our case only two semicircles are 

present as the third semicircle is usually observed at frequencies below 0.1 Hz 

[42]. The intersection/intercept of the 1st semicircle on the real axis of the 

Nyquist plot in the high-frequency range represents the sheet resistance of  
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Figure 4.10 Electrochemical Impedance Spectra of the DSSCs (a) Nyquist plot 

along with equivalent circuit (inset) (b) Bode plot. 
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FTO and other ohmic contact resistances (Rs) of the assembled cells. The 

capacitive components C1 & C2 in the equivalent circuit are due to the 

formation of charge double layer between the counter electrode/electrolyte and 

semiconductor/dye/electrolyte interfaces respectively [43]. The equivalent 

circuit, shown in the inset of Fig. 4.8(a) is used to fit the experimental Nyquist 

plot and the obtained EIS parameters are represented in table 4.2. The value of 

contact resistance (Rs) is almost the same for all the coated cells except the 

bare WO3 cell. The increase in the value of Rs in ZnO coated cells may be due 

to the increase in the number of layers. The value of recombination resistance 

(R2) is very low for bare WO3. But a gradual increase in R2 with an increase in 

ZnO precursor concentration may be observed in Fig. 4.8(a) and table 4.2. The 

highest value of R2 is observed for 5 mM ZnO concentration as this much 

concentration provided the highest amount of dye adsorption without affecting 

the carrier transport through WO3 thereby generating the highest number of 

charge carriers and also reducing the charge carrier recombination at the 

semiconductor/due/electrolyte interface. 

Table 4.2.  Summary of EIS measurements of the fabricated DSSCs. 

ZnO precursor 
solution concentration 

RS (Ω) R2 
(Ω) 

R1 (Ω) C2 
(µF) 

Peak 
freq. 
f(Hz) 

Electron 
lifetime(τe) 

(ms) 

 Pure WO3 19.3 85.2 8.67 84.3 37.18 4.28 

1 mM ZnO 19.5 108.3 8.4 103.7 31.36 5.08 

5 mM ZnO 19.6 119.7 8.62 125.4 24.15 6.59 

10 mM ZnO 20.1 79.57 8.36 98.35 40.72 3.91 

15 mM ZnO 20.8 67.57 8.79 87.35 48.47 3.29 

20 mM ZnO 21.1 56.23 8.41 68.3 68.67 2.32 

25 mM ZnO 21.3 45.76 8.52 55.57 97.29 1.64 
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Further increase in ZnO concentration starts decreasing R2 due to poor 

dye loading on the WO3 surface. Along with that presence of recombination 

sites for the free charge carriers in the thick layer of ZnO (38). Thick ZnO layer 

also makes the thickness of the film such a high that it becomes greater than the 

diffusion length of the electrons. This decreases the net photocurrent reaching 

the FTO and lowers the cell performance. The highest value of chemical 

capacitance C2 also reflects the transformation of a higher amount of photon 

energy into chemical energy [44, 45]. To estimate the charge carrier lifetime, 

the Bode plot representing variation in phase angle (θ) with frequency (f) for 

varying amounts of ZnO concentration is depicted in Fig. 4.8(b). The electron 

lifetime is calculated using formula [46-49],  

�� = 12����� 

Where fmax represents the characteristic peak frequency of the Bode plot in the 

mid-frequency range. The lower value of fmax is associated with a higher 

electron lifetime. The DSSC with 5mM ZnO coating has the lowest value of 

fmax leading to the highest lifetime of photogenerated electrons. This 

enhancement in electron lifetime reduces the recombination process leading to 

the highest photocurrent among the seven fabricated cells in our study. These 

results are in accordance with the results obtained from J-V characteristics 

under illumination and dark. 

4.4. Conclusion 

In this study, we have fabricated DSSCs based on WO3 as an alternative 

photoanode material. The DSSC showed an efficiency of 0.44% with a low FF 

of 0.39. This was due to very high recombination rates of photoexcited 

electrons along with poor dye loading due to the highly acidic surface of WO3. 

Apart from that, the lower conduction band edge position of WO3 limits the 

open-circuit voltage of the DSSC. In order to improve the performance of WO3 
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based DSSC, the effect of inclusion of the ZnO thin layer on the surface of 

WO3 was studied. The current densities (J) – voltage (V) characteristics of the 

prepared cells were compared and a clear enhancement of cell efficiency was 

recorded upon ZnO coating and the highest efficiency was achieved for 5 mM 

concentration. Although the incorporation of a thin layer of ZnO onto WO3 

enhances the power conversion efficiency by creating an energy barrier and 

limiting the electron back-recombination, the thicker layer of ZnO degrades the 

cell performance by forming an aggregation of Zn+2 ions and N3 dye and 

reducing the dye adsorption quantity of WO3 film. This suggests an optimum 

concentration for ZnO to be deposited over WO3 film to achieve the highest 

efficiency. The improvement of the value of Voc due to ZnO coating was 

attributed to the upward shift in CB of WO3. Apart from J-V characteristics, 

study under illumination and dark, EIS measurement was also performed. It 

was found that the cell with 5mM of ZnO over WO3 film has the highest 

recombination resistance which efficiently retards/suppresses the electron 

recombination rate and as result, the lifetime of photogenerated electrons is 

also highest. The decrease in the photoconversion efficiency with further 

increase in ZnO concentration above optimum value is due to the complete 

screening of WO3 film by a thicker layer of ZnO. Therefore, the novel method 

used here to modify the surface property of the WO3 photoelectrode of DSSC 

is found to be promising to enhance the cell performance and thereby develop 

an efficient WO3 based Dye sensitized Solar cell.  
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5.1. Introduction 

Ever growing global energy requirement and depleting level of fossil 

fuels have accelerated the demand for efficient power generation from solar 

photovoltaic (PV) cells in recent years [1-3]. The environmental impact of the 

use of fossil fuels is another major concern [4]. The current production of 

photovoltaic (PV) modules is dominated by crystalline silicon modules based 

on bulk wafers. However, the use of toxic materials and the high production 

cost of these solar cells have motivated the researchers to find new kinds of less 

expensive and non silicon-based solar cells to harvest solar energy efficiently 

[5-8]. 

Dye-sensitized solar cells (DSSCs) are a non-conventional photovoltaic 

technology that has attracted significant attention because of their high 

conversion efficiencies and low cost. O’Regan. B. & Grätzel reported high 

efficiency cells using nanoporous titanium dioxide (TiO2) semiconductor 

electrodes, ruthenium (Ru) metal complex dyes, and iodine electrolyte 

solutions in the journal of Nature in 1991 [9]. Since then, many studies have 

been actively carried out on DSSCs and revealed their performance comparable 

to amorphous silicon thin films [10,11]. These DSSCs have the advantages of 

low cost, lightweight and easy fabrication, but issues include durability and 

further improvement of their properties. To respond to these issues, many 

attempts have been made, such as solidifying electrolytes and improving 

materials and structures, but there have been no great breakthroughs yet 

[12,13].  

A dye-sensitized solar cell consists of two conducting glass electrodes in 

a sandwich arrangement. Each layer has a specific role in the cell. The 

transparent glass electrodes allow the light to pass through the cell. The 

titanium dioxide serves as a holding place for the dye and participates in 

electron transfer. The dye molecules collect light and produce excited electrons 

which cause a current in the cell. The iodide electrolyte layer acts as a source 



 

for electron replacement. The bottom conductive layer is coated with 

which plays the role of the 

electrolyte DSSC and its working principle

passes through the conductive glass electrode, the dye molecules absorb the 

photons and the electrons in the dye go from 

empty excited state (LUMO). This is referred to as photoexcitation. The 

excited electrons jump to the 

and diffuse across this layer reach

through the outer circuit and reach the counter electrode. The dye molecule

become oxidized after losing

The red-ox iodide electrolyte donates electrons to the oxidized 

thereby regenerating them.

counter electrode, it gives the electron back to the electr

Figure 5.1 Schematic diagram and working principle of a

The photovoltaic performance of a DSSC highly depends on 

components and the fabrication 

every component is extremely

for electron replacement. The bottom conductive layer is coated with 

the counter electrode. A schematic structure 

and its working principle is shown in Fig. 5.1. When light 

passes through the conductive glass electrode, the dye molecules absorb the 

photons and the electrons in the dye go from the ground state (HOMO) to an 

empty excited state (LUMO). This is referred to as photoexcitation. The 

ump to the conduction band of the semiconducting

and diffuse across this layer reaching the conductive electrode. Then they travel 

and reach the counter electrode. The dye molecule

osing an electron to the semiconductor oxide

ox iodide electrolyte donates electrons to the oxidized dye 

erating them. When the originally lost electron reaches the 

counter electrode, it gives the electron back to the electrolyte [9,14].  

Schematic diagram and working principle of a conventional

The photovoltaic performance of a DSSC highly depends on 

components and the fabrication methodology. Therefore, the optimization of 

extremely crucial to achieve the best performance
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for electron replacement. The bottom conductive layer is coated with platinum 
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passes through the conductive glass electrode, the dye molecules absorb the 

ground state (HOMO) to an 

empty excited state (LUMO). This is referred to as photoexcitation. The 

conduction band of the semiconducting dioxide 

the conductive electrode. Then they travel 

and reach the counter electrode. The dye molecules 

oxide material. 

 molecules 

lost electron reaches the 

 

 
conventional DSSC. 

The photovoltaic performance of a DSSC highly depends on all of its 

optimization of 

best performance. Since its 
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introduction into the science community in 1991, the nanocrystalline 

photoanode in dye-sensitized solar cells has predominantly been comprised of 

titanium (TiO2) nanoparticles as the semiconducting material [9,14,15]. Many 

researchers became very interested in studying the dye-sensitized solar cell 

performance fabricated using alternative semiconducting nanomaterials 

[16,17]. Specifically, Zinc Oxide (ZnO) has been an ideal alternative to TiO2 

because of having a similar conduction band edge that is appropriate for proper 

electron injection from the excited dyes; moreover, ZnO provides better 

electron transport due to its higher electronic mobility. Along with that, ZnO is 

also highly transparent, which allows greater light penetration [18-22]. 

In this study, ZnO nanoparticles were implemented to fabricate the 

photoanode of the DSSCs and rose bengal dye was utilized as a sensitizer. To 

obtain better efficiency, the dye molecules must bind tightly to the mesoporous 

ZnO photoanode surface with the assistance of their anchoring group to ensure 

proficient electron injection from the LUMO of the dye molecule to the 

conduction band (CB) of ZnO.  

Ruthenium dyes have long been used as quite efficient sensitizers for the 

photoanodes of the DSSCs [23-25]. However, these dyes are expensive, 

difficult to synthesis, requires high production cost, toxic, rare and easily 

pollute the environment [26]. Owing to these facts, the organic photosensitizer 

Rose Bengal (RB), emerges as a promising and alternative candidate. It is a 

xanthenes class photosensitizer having high absorbtion coefficient and absorbs 

a wide spectrum of solar radiation. It energetically matches the conduction 

band edge of ZnO and iodine/iodide redox couple for DSSC application 

[27,28]. Accordingly, ZnO based DSSC performes specifically well when 

sensitized with Rose Bengal. Although the efficiency of these type of organic 

sensitizer based DSSCs is less, production cost per watt will be less compared 

to the ruthenium based DSSCs even if we achieve moderate efficiency. As the 

RB dye is an organic dye and does not contain any toxic noble metal such as 
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ruthenium, there are no environmental pollution related issues with it. It is 

widely used because of its high absorption coefficient in the visible region of 

solar spectrum and its molecular structure ( Fig. 5.2.) comprises of anchoring 

groups that can be adsorbed onto the semiconductor oxide surface. For the 

particular case of ZnO-RB combination, the interaction between the unfilled 

valance shell of the ZnO and the carboxyl groups present in the dye molecules 

leads to easy adsorption of the dye molecules on the ZnO surface. Such kind of 

bonding between the dye molecule and ZnO not only increases adsorptivity of 

dye but also facilitates electron injection because of the substantial overlap 

between the electron molecular orbitals of the dye and those of the 

semiconductor's conduction band [29]. 

 
Figure 5.2 Chemical structure of Rose Bengal dye. 

 

However, in  case of ZnO photoanode based DSSCs, the dye 

aggregation on the ZnO surface affects the photoelectron injection by 

increasing charge recombination and hence limits the overall device 

performance [30-32. The use of additives such as Chenodeoxycholic acid 

(CDCA) is a very useful and widely used strategy in lowering the self-

aggregation of dye molecules by suppressing unfavourable dye-dye interactions 

as shown in Fig. 5.3 and thereby enhances the photoconversion efficiency [33-
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35]. However, the strong binding of CDCA molecules to the ZnO surface 

partially displaces dye molecules and consequently reduces photon harvesting. 

Therefore, to maximize the positive effect of the co-adsorbent, it is very crucial 

to carefully optimize the amount of CDCA [36]. Few researchers have studied 

the role of CDCA as an anti-aggregation agent in ruthenium and organic dye 

based DSSCs and found it to be very effective in reducing the aggregation of 

dye molecules over the semiconductor surface [37-40]. But there is no report 

available related to the application of CDCA on Rose Bengal dye.  Herein, we 

report the investigation on the effect of CDCA as co-adsorbent in the 

performance of Rose Bengal (RB) dye based DSSCs. Different concentrations 

of CDCA were studied to identify the optimum value for achieving the best 

device performance.   

 
Figure 5.3 (a) Unfavourable dye-dye interaction in absence of CDCA (b) 

reduced self-aggregation of dye molecules in presence of CDCA.  
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On the other hand, the mesoporous nature of the ZnO film is very 

essential to tender high surface area offering more dye loading and thereby 

generating more photoelectrons. However, small pores present in the 

nanocrystalline ZnO layer of the photoanode may provide a path for the direct 

contact between the liquid electrolyte and the FTO substrate. This may allow 

the electrons of FTO to recombine with the I-
3 ion present in the electrolyte 

resulting in high recombination current and hence decreased cell performance 

[41,42]. Therefore, to inhibit the electron back transfer, a promising approach 

is to modify the FTO/electrolyte interface by adding a compact metal oxide 

blocking layer. A thin blocking layer (BL) of ZnO was deposited by a facile 

and cost-effective sol-gel spin coating process before depositing the 

mesoporous active ZnO layer. In this work, we reported the fabrication and 

characterization of DSSCs based on ZnO nanoparticles and Rose Bengal dye. 

The effect of CDCA concentration and the compact ZnO blocking layer in 

boosting the photovoltaic performance of the device was investigated in terms 

of photocurrent-voltage (J-V) characteristics and dark current measurement. In 

addition to that, electrochemical impedance spectroscopy (EIS) analysis was 

employed to investigate the charge transfer kinetics and electron back reaction 

of the fabricated cells. 

5.2. Materials and Methods 
5.2.1. Materials 

ZnO nanopowder, Zinc acetate dehydrate (CH3COO)2Zn, 2H2O) and 

Monoethanolamine (MEA) were bought from Sigma Aldrich, India. 

ethylcellulose and terpineol were bought from TCI Chemicals, India. 

Transparent FTO coated glass (10 Ω/ square), the high-performance liquid 

electrolyte (Iodolyte AN50), chenodeoxycholic acid (CDCA) as a dye co-

adsorbent and liquid platinum paint (Platisol T) to prepare the platinum-coated 

counter electrode were purchased from Solaronix, Switzerland. Meltonix 1170-
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25 (25µm) (Solaronix) was used as a spacer between the working and counter 

electrode to avoid short-circuiting. All the reagents utilized in the fabrication 

process were of analytical grades. So no further purification was required. 

 

Figure 5.4 (a) Rose Bengal dye and (b) chenodeoxycholic acid (CDCA). 

5.2.2.  Preparation of conventional ZnO photoanode  

To prepare the thin films of the photoanode materials, the FTO coated 

glass substrates were first cleaned with dilute HCl in an ultrasonic bath for 15 

minutes and then thoroughly rinsed with deionized water to remove the HCL 

residues. The substrates were then cleaned with acetone and ethanol using an 

ultrasonic cleaning bath [17,22]. The mesoporous ZnO photoelectrode of the 

DSSC was prepared by following the standard doctor blade method. The paste 

for doctor blading was prepared by mixing 0.5 g of ZnO nanopowder with α-

terpineol as a solvent and 0.45 g of ethyl cellulose as a binder [43]. The 

mixture was stirred continuously to obtain a smooth lump-free slurry. The ZnO 

paste was then coated on the conductive side of the cleaned FTO glass 
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substrate and subsequently annealed at 400oC on a hot plate for 30 min to burn 

out the ethyl cellulose and other organic contents of the working electrode and 

to strengthening the bonding between the substrate and the ZnO film. In 

addition to that, the annealing procedure also helps to improve the surface 

quality of the thin film along with increasing the crystallinity of the sample 

[44-47]. 

5.2.3. Preparation of photoanode with Compact ZnO layer  

In order to improve the photovoltaic performance of the cells further by 

preventing the direct contact between FTO and liquid electrolyte, a thin and 

compact ZnO layer was deposited on FTO coated glass substrate by employing 

a simple sol-gel spin coating method prior to deposition of mesoporous active 

ZnO nanoparticle layer. The precursor solution was prepared by mixing Zinc 

acetate dehydrate (CH3COO)2Zn, 2H2O) in 50 ml isopropanol as solvent and 

monoethanolamine (MEA) was used as a stabilizer. The precursor solution 

concentration was maintained at 0.05 M. The mixture was vigorously stirred at 

60° C by a magnetic stirrer for 1 hr. MEA was added dropwise under stirring, 

yielding a clear homogenous solution. The solution was left for 24 hr at room 

temperature for aging before it could be used for film deposition. The aged 

solution was then spin-coated on a cleaned FTO glass substrate with a 

programmable spin coater (Apex Instruments Co. Pvt. Ltd, Model SpinNXG-

P1) at 3000 rpm for 30 s and annealed at 200° C for 20 minutes to form the 

ZnO blocking layer. Over this compact blocking layer, the mesoporous active 

layer was coated using the same doctor blade method and then annealed at 400° 

C as done earlier.  

5.2.4.  Assembling the devices 

One set of ZnO photoanodes were sensitized by immersing them in a 0.5 

mM ethanolic solution of pure Rose Bengal dye for 12 hours. Another set of 
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photoanodes (both with and without ZnO blocking layer) were sensitized with 

the RB dye solution containing various concentrations ( 0 mM – 10 mM) of 

CDCA at room temperature for 12 hours. The working electrodes were then 

removed from the solution and rinsed thoroughly with deionized water and 

ethanol to get rid of any excess dye from the thin film surface and left for air 

drying at room temperature. The platinum catalyst precursor solution (Platisol-

T) was spin-coated on the conducting side of the cleaned FTO glasses and 

heated at 450o C for 15 minutes on a hot plate to prepare the counter electrodes 

for the cells. The dye adsorbed working electrodes and platinum(Pt)-coated 

counter electrodes were assembled against the coated sides of each other in a 

sandwich manner using two binder clips with a Surlyn film (Meltonix 1170-

25µm, Solaronix) gasket as a spacer in between them. The liquid electrolyte 

used in the fabrication process was poured inside the cell through fine holes 

pre-drilled on the counter electrodes. The red-ox concentration of the 

electrolyte was 50 mM. The active area of the cells for illumination was 

adjusted to 0.16 cm2. 

5.2.5. Characterization and Measurements  

X-ray diffraction (XRD) analysis is a technique used for the 

determination of the crystal structure of materials in the nanomaterial, thin-

film, or bulk material form. In the XRD experiment, a monochromatic X-ray 

beam is allowed to incident on the sample and the diffraction occurs. In our 

study, the X-ray diffraction analysis was employed using PAN-analytical 

X'Pert PRO X-ray diffractometer (CuKα radiation, 30 mA, 40 kV, λ= 1.5406 

Å) to determine the crystalline structure of ZnO nanoparticles used in making 

the photoanode of the DSSC.  Absorbance spectrum measurement of the dye 

was carried out using a Perkin-Elmer Lambda-35 UV-VIS spectrophotometer. 

Scanning electron microscopy (JEOL) was used to examine the surface 

morphology of the prepared ZnO thin films. The current-voltage (J-V) 
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characterization of the cells was measured under 100 mW/cm2 illumination 

using a Keithley 2400 digital source meter which was controlled by Keithley 

LabTracer computer software. The overall photoconversion efficiency of the 

solar cell was calculated using the formula   

h =  P���P�� =  I��V��FFP��                                         (1) 

Where Pin, Voc, Isc and FF denote the incident photon power, open-circuit 

voltage, the short circuit current density and fill factor respectively. The fill 

factor was estimated using the following formula: 

 �� = I���V���I��V��                                                   (2) 

Where Imax and Vmax, respectively, represent values of current and voltage at 

the maximum output power point of the solar cell. The area of the fabricated 

cells that was exposed to light was 1 cm2. The electrochemical impedance 

spectroscopy (EIS) of the cells was done in the frequency range of 0.1Hz to 

190 kHz under open circuit conditions.  

5.3. Results and Discussion 
5.3.1. UV-VIS absorption spectral analysis of the dye 

0.5 mM ethanolic solution of Rose Bengal dye was prepared and its 

absorption property was studied using Perkin Elmer Lambda–35 UV-VIS 

spectrophotometer. UV-VIS absorption spectrum of the RB dye is shown in 

Fig. 5.6 (b). The value of λmax obtained from the absorption spectrum is a very 

important parameter as it demonstrates the potential of the molecular systems 

for significant usage as a functional material in DSSC. It can observed that the 

Rose Bengal dye absorbs a larger fraction of the solar spectrum in the visible 

region of 460–600 nm and it shows the highest optical absorption at 549 nm 

wavelength. The strong absorption peak may be assigned to the intra-molecular 
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charge transfer (ICT) transitions from the donor to acceptor level within 

HOMO (Highest Occupied Molecular Orbital)- (Lowest Unoccupied Molecular 

Orbital)LUMO energy levels as shown in Fig.5.5 [48].  

 
Figure 5.5 Possible transition mechanism in the Rose Bengal molecular 

system. 

The optical energy gap of the dye was calculated to be 2.26 eV from the 

absorption spectra using equation (3) given below [49] (Ossai et al 2020). 

�� = 1240����   ��                                       (3) 

where λmax is the maximum absorption wavelength.  
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Figure 5.6 (a) UV-VIS experimental setup (b) absorption spectra of Rose 

Bengal dye. 

The dye's HOMO-LUMO energy gap has an impact on how electrons 

are injected into the ZnO particles' conduction band from the dye's LUMO 

molecule. It facilitates the vertical electron transition through the dye excitation 

[50]. On the other hand, indirect transition is a phonon assited transition where 

change in momentum must be taken into account. When the photons having 

energy fairly above the indirect band gap of dye molecule is absorbed by the 

dye electron, phonons get emitted [51]. As a result the direct band gap is 

utilized to determine the vertical transition during the course of 

photosesitization [52,53].  Hence, the lowest electronic transition, which 

corresponds to the onset of absorption in the UV-visible absorption spectrum, 

was used to calculate the optical bandgap. It is the energy difference between 

HOMO and LUMO which is caused by the excitation of electrons from HOMO 

to LUMO. 
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5.3.2.  Structural and phase characterization ZnO compact 

layer 

The X-ray diffraction pattern of the ZnO compact blocking layer, shown 

in Fig. 5.7 (a), exhibits the hexagonal wurtzite crystal phase of ZnO and the 

peaks well match with the standard JCPDS card no. 36-1451. The diffraction 

peaks observed at 2θ values of 31.79°, 34.42°, 36.25°, 47.51°, 56.60°, 62.86°, 

67.96°, and 69°corresponds to the reflection from the (100), (002), (101), 

(110), (103), (112), and (201) lattice planes respectively. Sharp and strong 

peaks indicate the highly crystalline nature of the material [54,55]. The XRD 

pattern for the commercial ZnO nanopowder is shown in Fig. 5.7 (b). It can be 

clearly seen that both the commercial ZnO nanopowder and synthesized ZnO 

blocking layer showed similar XRD patterns. The XRD pattern of sample with 

both the blocking and active layer is shown in Fig. 5.7 (c). This is very similar 

to the XRD pattern of the blocking layer. This is because the blocking layer is 

more crystalline in nature, which is evident from its XRD pattern with its 

sharper peaks.  
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Figure 5.7  X-ray diffraction pattern of (a) ZnO compact blocking layer (b) 

ZnO nanoparticles as active layer (c) ZnO blocking/active layer. 
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5.3.3. Surface Morphology study and energy dispersive 

spectroscopy of the photoanodes 

Scanning electron microscopic (SEM) analysis of the ZnO active layer 

and the compact blocking layer on the FTO substrate was carried out to study 

the surface morphology and the particle size of the sample. The SEM images of 

the ZnO active and blocking layers on the FTO substrate are depicted in Fig. 

5.8 and Fig. 5.9 respectively. It can be seen from Fig. 5.8 (a) that the ZnO 

nanoparticles have a hexagonal structure. Fig. 5.9 (a) and 5.8 (b) represent the 

SEM images of compact blocking layer at low and high magnifications 

respectively. The diameter of the spin-coated nanoparticles ranges from 150 to 

180 nm. Further, the chemical composition and elemental percentage of the 

compact ZnO film are revealed by the Energy Dispersive X-Ray Spectroscopy 

(EDS) analysis which is shown in Fig. 5.10. Predominating peaks of Zn and O2 

unveil that the synthesized blocking layer contains pure ZnO.   
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Figure 5.8 SEM images of ZnO NP active layer (a) at lower magnification      

(b) at higher magnification. 
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Figure 5.9 SEM images of  ZnO blocking layer (a) at lower magnification and 

(b) at higher magnification. 
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Figure 5.10 EDS and elemental composition of ZnO blocking layer. 

5.3.4.  Photovoltaic characterization of the cells  
The Current-Voltage (J-V) characteristic is a crucial measurement that 

reveals the value of the overall photovoltaic performance of a solar cell along 

with the key performance parameters like open circuit voltage and short circuit 

current density. Fig. 5.11 (a) depicts the J-V characteristics of the DSSCs based 

on different types of photoanodes under illumination and the obtained 

photovoltaic parameters for each of the cells are summarized in Table 5.1.  

 

Figure 5.11 Current-voltage characteristics of different cells under (a) 

illumination (b) dark 
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Table 5.1.  
Photovoltaic parameters of DSSCs fabricated with various ZnO photoanodes 

Cell 

name 

CDCA 

concentration 

Jsc (mA/cm2) Voc(V) FF Efficiency 

(h %) 

DSSC1 0 mM 1.98 0.58 0.43 0.49 

DSSC2 2 mM 2.08 0.61 0.58 0.74 

DSSC3 4 mM 2.18 0.62 0.60 0.81 

DSSC4 6 mM 2.36 0.63 0.58 0.86 

DSSC5 8 mM 2.80 0.64 0.56 1.00 

DSSC6 10 mM 2.63 0.64 0.54 0.91 

DSSC7 8 mM + BL 3.09 0.66 0.60 1.22 

5.3.5. Effect of CDCA 
The conventionally prepared DSSC with ZnO nanoparticles and Rose 

Bengal dye displayed a short circuit current density (Jsc) of 1.98 mA/cm2, an 

open circuit voltage (Voc) of 0.58 V, and a fill factor (FF) of 0.43, resulting in a 

photoconversion efficiency (η)  of 0.49 %. However, under the same working 

conditions, the device performance was found to be highly influenced when 

CDCA solution was incorporated into the dye solution at various 

concentrations. From Table 5.1, it can be noted that the value of Voc, as well as 

Jsc, increases with an increase in the concentration of CDCA. Optimum 

concentration (8mM) provides the finest dye attachment to the ZnO surface. 

The best device performance was achieved for the optimized CDCA 

concentration of 8 mM when added with 0.5 mM RB dye solution. This 

improvement in the performance may be attributed to reduced dye aggregation 

along with uniform dye adsorption yielding better electron injection into the 

conduction band of ZnO. 

 

 



 

5.3.6. Effect of compact 

To avoid the direct contact between the FTO and the liquid electrolyte 

through the pores present in the nanocrystalline

prepared DSSC, a thin and compact layer of ZnO was employed

Fig. 5.12. From Table 5.1 it can be

ZnO blocking layer in DSSC

enhancement in Jsc (3.09 

highest value of photoconversion efficiency η (1.2

the fabricated cells. Such type of performance enhancement may be accredited 

to the consolidated effect of improved dye loading due to 

CDCA with proper concentration and 

decreased electron recombi

hindering the direct contact between FTO and electrolyte

Figure 5.12 Schematic diagram of a DSSC with compact ZnO blocking layer

5.3.7. Dark current measurement

To explore the effect of 

the process of electron back transfer, the J

compact ZnO blocking layer 

To avoid the direct contact between the FTO and the liquid electrolyte 

present in the nanocrystalline ZnO film in a conventionally 

prepared DSSC, a thin and compact layer of ZnO was employed as shown i

1 it can be observed that the addition of a compact 

DSSC7 with 8 mM CDCA additive shows a remarkable

mA/cm2) and Voc (0.66 V) and consequently 

highest value of photoconversion efficiency η (1.22 %) was obtained among

Such type of performance enhancement may be accredited 

consolidated effect of improved dye loading due to the addition of 

CDCA with proper concentration and increased charge collection along with

recombination at the FTO/ZnO/electrolyte interface 

ct between FTO and electrolyte by the blocking layer

Schematic diagram of a DSSC with compact ZnO blocking layer

Dark current measurement 

To explore the effect of CDCA concentration and ZnO blocking layer

the process of electron back transfer, the J-V characteristics 
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ZnO film in a conventionally 

as shown in 

of a compact 

a remarkable 

and consequently the 

obtained among all 

Such type of performance enhancement may be accredited 

addition of 

along with 

at the FTO/ZnO/electrolyte interface 

by the blocking layer.  

  

Schematic diagram of a DSSC with compact ZnO blocking layer. 

blocking layer in 

V characteristics were also 
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measured in the dark which is shown in Fig. 5.11(b). It is regarded as a 

qualitative method to assess the degree of electron back transfer in DSSCs. The 

dark current generation is known to be partly due to the presence of exposed 

FTO sites having direct contact with the liquid electrolyte and the pores left 

between the ZnO nanoparticles and the FTO surface [41,42]. These exposed 

FTO sites and the pores of ZnO nanoparticle film would allow the liquid 

electrolyte to penetrate through ZnO film and directly come in contact with 

bare FTO sites resulting in recombination losses as shown in the energy band 

diagram for conventional ZnO NP based DSSC in Fig. 5.13(a). It can be 

observed from Fig. 5.11(b) that for a particular value of the voltage on the X-

axis (i.e. voltage axis) of the dark current characteristics, the corresponding Y-

axis value (i.e. value of dark current) is lowest for DSSC7 for that particular 

voltage.  It can also be seen that the dark current has the highest value for 

conventionally prepared cell (DSSC1) with bare FTO and decreases with an 

increase in CDCA concentration up to 8 mM. An enlarged plot of the dark 

current characteristics is provided as an inset in Fig. 5.11(b) so that a clear 

scenario is observed. For the cell (DSSC7) with compact ZnO BL and 8 mM 

CDCA solution as dye co-adsorbent, the dark current is reduced significantly 

for the same bias potential in comparison to all other cells. This demonstrates 

that the compact ZnO BL reduces the bare FTO site and thereby successfully 

suppresses the dark current by lowering the electron back transfer. It was also 

observed that the DSSC7 has the slowest rate of increase of dark current with 

an increase in bias voltage confirming excellent suppression of electron 

recombination and consequently reduced current loss. 
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Figure 5.13 Schematic diagram showing interfacial charge transfer and 

recombination in case of DSSCs (a) without ZnO BL (b) with compact ZnO 

BL. 
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The variations of different cell parameters with the concentration of 

CDCA solution for the fabricated DSSCs are depicted in Fig. 5.14. It can be 

observed that CDCA concentration highly influences the value of Jsc. ZnO BL 

improves the current further. A small increase in the values of Voc and FF can 

also be noted from Fig. 5.11 due to these processes. The highest values of cell 

parameters were obtained for the cell DSSC7.  

 

Figure 5.14 Effect of CDCA concentration and ZnO blocking layer (BL) on 

different cell parameters. 

5.3.8.  Electrochemical impedance spectroscopy study  

To further gain an insight into the influence of CDCA concentration and the 

coating of compact ZnO blocking layer on the charge transfer and 

recombination kinetics of the prepared devices, the DSSCs were further 

investigated by electrochemical impedance spectroscopic (EIS) measurement 

in dark under Voc bias voltage with 10 mV AC perturbation amplitude. This 
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gives a more precise understanding of the limiting factors for the cell 

performance parameters. In the EIS measurement done under the dark 

condition and with an applied bias voltage, electrons from FTO are injected 

into the conduction band of ZnO and then transported through the ZnO 

network. Some of the injected electrons recombine with the I3
- ion present in 

the electrolyte giving rise to the recombination phenomenon [56]. Fig. 5.14(a) 

shows the Nyquist plot of all the prepared cells exhibiting two obvious 

semicircles. The curves are fitted using the equivalent circuit shown in the inset 

of Fig. 5.15(a) and the EIS measurement results obtained in terms of 

resistances and capacitances are summarized in Table 5.2. The charge transfer 

resistance (Rpt) and double layer capacitance (Cpt) at the Pt counter 

electrode/electrolyte interface is responsible for the first semicircle in the high-

frequency range, while the second semicircle in the mid-frequency range may 

be assigned to the charge transfer and recombination resistance (Rrec) and 

chemical capacitance (C) at the ZnO/dye/electrolyte interface [36,57,58]. The 

intercept at the real axis of the Nyquist plot represents the series resistance (Rs) 

of FTO and other ohmic contacts like connecting cables, clamps and clips used 

to connect the cells for measurement. [59,60]. 
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Figure 5.15 EIS of the DSSCs representing (a) Nyquist plot along with 

equivalent circuit (inset) and (b) Bode plot. 

 

 

 



 
Chapter 5 

 

 
Page 182 

 

Table 5.2 Summary of EIS measurement. 

Cell 
name 

CDCA 
concentration 

Rs (Ω) Rpt (Ω) Rrec 
(Ω) 

Peak freq. 

f(Hz) 

Electron 

lifetime (τe) 

(ms) 

DSSC1 0 mM 17.15 6.51 40.2 34.21 4.65 

DSSC2 2 mM 17.23 6.55 48.8 22.13 7.19 

DSSC3 4 mM 17.05 6.46 65.4 17.05 9.34 

DSSC4 6 mM 17.12 6.23 75.2 15.62 10.94 

DSSC5 8 mM 17.36 6.65 87.6 11.03 14.45 

DSSC6 10 mM 17.29 6.37 81.4 13.13 12.13 

DSSC7 8 mM + BL 19.23 6.39 102.7 6.54 24.35 

The small semicircles in the high-frequency range are almost identical 

indicating nearly similar values of Rpt for all four kinds of cells as all of them 

have similar Pt counter electrodes and the same electrolyte. On the contrary, a 

substantial dissimilarity can be observed in large semicircles in the mid-

frequency range. This indicates that the charge transport and recombination 

behaviour at the ZnO/dye/electrolyte interface was extensively affected due to 

working electrode modification by the addition of CDCA and incorporation of 

the blocking layer. The middle arc of the Nyquist plot for the conventionally 

prepared DSSC has the lowest diameter indicating the lowest recombination 

resistance (Rrec) and thus representing the highest recombination process 

among all the cells. The diameter is evidently larger for the CDCA treated cells 

indicating its positive role in increasing the recombination resistance and hence 

lowering the recombination phenomena. It can be observed from Table 5.2 that 

the recombination resistance increases in the order of DSSC1 < DSSC2 < 
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DSSC3< DSSC4< DSSC6 < DSSC5< DSSC7 indicating that the 

recombination resistance increases with an increase in CDCA concentration 

from 0 to 8 mM and decreases at 10 mM concentration. The larger Rrec value 

indicates it is more difficult to transfer the injected electrons from the ZnO 

back to the electrolyte, and thus the back recombination can be suppressed in 

the cell, thus giving a higher Jsc and  Voc. The highest value of recombination 

resistance is obtained when the optimum CDCA concentration (8 mM) is 

combined with the ZnO blocking layer in DSSC7 leading to the highest Jsc and 

Voc of 3.09 mA/cm2 and 0.66 V respectively and consequently best device 

performance. The highest recombination resistance is obtained for the cell with 

the blocking layer as the blocking layer prevents the injected electrons to come 

in direct contact with the electrolyte and consequently reduces the direct 

capture of electrons by the I3
- ions of the electrolyte. Furthermore, the CDCA 

addition with optimum concentration and blocking layer increases the number 

of electrons accumulated in the conduction band of ZnO which led to increased 

electron density. This creates a small shift of Fermi level for the electrons 

present in the ZnO. This rise in Fermi level slightly improves Voc which can 

also be observed from Table 5.1 [36,61].  

Apart from recombination resistance, the second semicircle also 

provides information about the electron lifetime in the conduction band of ZnO 

which gives the measure of the rate at which the recombination reaction occurs. 

This lifetime is inversely proportional to the oscillation frequency at which the 

peak on the second arc is obtained. But, since, the frequency information is 

missing in the Nyquist plot; the electron lifetime can be calculated from the 

phase bode plot using the formula  

�� = 12������                         (4) 
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where fpeak represents the peak frequency of phase Bode plot in the mid-

frequency range as shown in Fig. 5.15(b). A shift in the peaks may be observed 

in the Bode plots of the DSSCs prepared following different procedures. 

Shifting of peak frequency towards lower frequency represents longer electron 

lifetime (τe) and slower recombination process. The calculated electron 

lifetimes for all the cells are summarised in Table 5.2. The highest electron 

lifetime of 24.35 ms is obtained for the cell fabricated with 8 mM CDCA 

concentration along with ZnO compact blocking layer (DSSC 7). The increased 

electron lifetime due to CDCA and blocking layer effectively enhances the 

photoconversion efficiency (PCE) which is in good agreement with the results 

obtained from J-V measurement. The reduced dye aggregation in presence of 

CDCA and inhibition of electron recombination by the blocking layer may be 

accounted for this. 

5.4. Conclusion 
Effects of co-adsorption of CDCA and ZnO blocking layer were 

investigated in Rose Bengal dye based DSSCs. The surface, photovoltaic and 

electrochemical properties of all the cells were extensively studied. The strong 

binding of CDCA molecules to the ZnO surface partially displaces dye 

molecules and consequently reduces photon harvesting. Excessive CDCA 

concentration implies significantly reduced dye attachment to the ZnO surface 

leading to decreased amount of light energy absorption.  Therefore, to 

maximize the positive effect of the co-adsorbent, it is very crucial to carefully 

optimize the amount of CDCA. The amount of CDCA has been optimized by 

adjusting its concentration in the dye solution and found that the best device 

performance was obtained for 8 mM concentration. At optimized co-adsorbent 

concentration, the reduced dye loading due to the presence of CDCA and 

consequently decreased light-harvesting was compensated by the increased 

electron injection efficiency leading to maximum device efficiency of 1 %. The 

performance was further increased from 1.00 % to 1.22 % when a compact 
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ZnO blocking layer was added to the FTO before depositing the mesoporous 

ZnO active layer. This was due to the suppression of electron back transfer 

from the FTO to the liquid electrolyte. These results indicate that the addition 

of CDCA as a dye co-adsorbent and the introduction of ZnO blocking layer is 

an effective way to boost the performance of Rose Bengal dye based DSSCs. 

The efficiency of the fabricated cells is low as the dye used in this study is rose 

bengal. Though the efficiency is low here compared to the ruthenium based 

cells, it lies in the range of efficiency of rose bengal  dye based DSSCs 

obtained by other researchers. Higher efficiencies can be obtained by using 

high performance ruthenium dye.  
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6.1.  Introduction 
Due to continuously increasing energy demand, the polluting 

environment, and the rising price of fossil fuels, scientists are constantly 

thinking of new ways to find pollution-free renewable energy sources [1]. The 

natural resources that can renew themselves over time are called renewable 

energy sources [2]. It is believed that solar energy would be the main source of 

alternative energy [3]. Conventional Crystalline and polycrystalline silicon 

solar cells have attained energy conversion efficiency of over 20%, but due to 

their complicated and difficult fabrication process and high cost [4], people 

have started to think about its alternative. Grätzel and co-workers first reported 

DSSCs as a useful substitute for conventional solar cells [1], and subsequently, 

a considerable interest has been developed in DSSCs because of their easy 

fabrication technique and low cost [5].  

Photo anode of a DSSC performs a vital role in determining the overall 

performance of the DSSC by transporting electrons and supporting the Dye 

molecules [7, 8]. The semiconducting oxide material TiO2 is mostly used as a 

photoanode because of its excellent optical, electrical, and chemical properties 

[9-12]. Although appreciably high conversion efficiency is achieved with TiO2, 

its low electron mobility results in low electron mobility have led to renewed 

investigations into new alternative wide-bandgap photoanode materials like 

ZnO, WO3, and SnO2 for better performance of Dye-sensitized solar cells [13-

15]. Researchers are also using natural dyes extracted from different fruits, 

vegetables, and flowers in search of low-cost DSSC fabricated with 

environment-friendly and non-toxic material [16-20]. 

But the electrolyte has a close interaction with all the components of 

DSSC and it determines the time stability of the cell. Due to this, scientists 

have been paying more attention to electrolytes these days [21, 22]. Though the 

theoretically estimated maximum photoelectric conversion efficiency of a 

DSSC is 29 % [23] has been recorded with liquid electrolytes, the actual 
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efficiency of 14.3% could be achieved. This is due to leakage problems of 

liquid electrolytes, electrode corrosion, photo-degradation of attached dyes, and 

solvent volatility restricts the long-term performance of DSSCs [24]. To 

overcome these limitations, gel electrolytes have been used instead of liquid 

electrolytes as the volatility of organic solvents can be decreased and leakage 

can be prevented by gel-type electrolytes [25]. Gel electrolytes are usually 

prepared by adding materials of high molecular weights with organic solvents 

and iodides. Polyvinyl carbonate (PC), Acetonitrile (ACN), and ethylene 

carbonate (EC) are an example of some of the popularly used solvents and 

Lithium iodide (LiI), potassium iodide (KI), Sodium iodide are some of the 

commonly utilized iodides with iodine (I2). For gelation of liquid electrolytes, 

many materials are used, namely polyethylene glycol, polyvinylidene fluoride-

co-hexafluoropropylene (PVDF-HFP), polyethylene oxide, etc. [26].  

In this study, we prepared gel electrolytes using ethyl cellulose (EC) as a 

gelator in the liquid electrolyte and fabricated DSSCs with both liquid and gel 

electrolytes to study to study their overall photovoltaic performance, including 

their performance stability over a certain period. We used both TiO2 and ZnO 

as working electrode material. The effect of EC concentration on the 

performance of DSSCs was also examined. A detailed comparison of 

photoelectric properties of all the cells is presented in the investigation. 

6.2. Materials and Methods 

6.2.1 Materials  
All the chemicals used in this study were purchased from commercial 

sources and used as received. Fluorine-doped tin oxide (FTO) glass slides (10 

Ω/square; thickness 2.2 mm), ruthenium dye (N3 and N719), Surlyn spacer, 

and Platinum Precursors solution (Plastisol T) for counter electrode 

preparation, all were purchased from Solaronix, Switzerland. Titanium dioxide 

nanopowder (TiO2), ZnO nanopowder, Lithium Iodide (LiI), and Iodine (I2) 
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were purchased from Sigma-Aldrich, India. The chemicals, used in gel 

preparation are Acetonitrile (Merck, India), 4-tert-butylpyridine (TCI 

CHEMICALS, Japan), Tetrabutylammonium iodide (Merck), Ethyl Cellulose 

(Sigma-Aldrich, India), acetone (C3H6O), ethanol (C2H5OH), and acetic acid 

(CH3CO2H) (Sigma-Aldrich, India). All the reagents purchased were of 

analytical grade and were used without further purification. 

6.2.2 Preparation of liquid and gel electrolyte 

The liquid electrolyte, used in this study, was prepared by mixing LiI 

(0.5M) and I2 (0.05M) in 10 ml acetonitrile solvent. To prepare the gel 

electrolyte, ethyl-cellulose powder mixed with ethanol was added to the 

prepared liquid electrolyte at different amounts to yield gel electrolyte of 

concentrations of 2, 4, 6, 8 and 10 wt%. Fig.6.1 represents different steps of 

electrolyte preparation. 

          

Figure 6.1 Steps of Liquid and Gel electrolyte preparation. 
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6.2.3 Fabrication of the solar cells 

The TiO2 and ZnO working electrodes of the DSSC were prepared by 

following the standard procedure [27]. At first, 10 gm of the nanopowder was 

mixed with diluted acetic (1ml in 50 ml deionized water) acid in a mortar and 

pastel and added a few drops of Triton X100 (Merck) as surfactant and ground 

continuously until a homogenous, smooth suspension was obtained. The lump-

free slurry was then applied on the conductive side of an FTO-coated glass 

using the doctor blade method to make a homogeneous layer. To strengthen the 

bonding between the FTO glass and the semiconductor paste, the nanopowder 

coated FTO glass plates were sintered in normal atmospheric condition at 

450°C for 45 minutes. In the sintering process, after introducing the sample in 

the furnace, the temperature was raised with a rate of 10°C/5 min until the 

temperature had reached 350°C and after that, it was increased with a rate of 

10°C/10 min until 450°C. When it cooled down to room temperature, the 

sintered substrates were immersed in the ruthenium dye (N3) solution for dye 

adsorption on the surface of the TiO2 and ZnO nanoparticles for 24 hours. FTO 

glass coated with a platinum catalyst (Plastisol-T) and heated at 400°C was 

used as a counter electrode and a sealed sandwich-type cell was fabricated by 

assembling dye adsorbed working electrode and the platinum (Pt) coated 

counter electrode with Surlyn film as a spacer between them. The electrolyte 

was introduced into the assembled cell through a pre-drilled hole on the counter 

with a syringe. Gel electrolyte having different EC concentration was used in 

different cells for the investigation.  A small piece of Surlyn spacer and glass 

glue was used to seal the hole and finally, the cells were connected to the 

external circuit with the help of alligator clips. Different electrolyte 

concentrations were used to fill the cells. 
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6.2.4 Characterization of the DSSCs 

After completing the fabrication of two different cells with liquid and 

gel type electrolytes, the cells were placed under artificial solar illumination of 

100mW/cm2 and connected with the J-V measurement system to calculate the 

photoelectric conversion efficiencies [28]. The photocurrent voltage (J-V) 

characteristics were recorded using a Keithley 2400 source meter. Simulated 

sunlight was supplied using a xenon lamp (450W). The photovoltaic 

performances were recorded at a 24 hr interval to investigate the long-term 

stability of the DSSCs. The ethyl cellulose as gelator was selected for its easy 

availability and low cost. Symmetrical cells having Pt-electrolyte-Pt structure 

were configured to perform the EIS measurement of the electrolyte system. Pt 

electrodes were prepared by coating the FTO substrate using the same Pt 

catalyst solution as used in conventional DSSCs. 

6.3 Results and Discussions 

6.3.1 Raman spectroscopy of TiO2 and ZnO 

 Fig. 6.2 shows the Raman spectra of TiO2 and ZnO nanopowders. The 

Raman shifts of Fig. 6.2 (a) at 235, 447, and 612 cm−1 are attributed to the 

combination of two-phonon scattering modes, Eg and A1g modes of the rutile 

phase, respectively[29, 30]. According to the literature values, all the observed 

spectroscopic peaks listed in Fig. 6.2 (b) can be assigned to a wurzite ZnO 

structure. Among these Raman peaks, the E2 mode centred at 437 cm−1 has a 

strongerintensity and narrower line-width, which indicates that the as-grown 

products are composed of ZnO with a hexagonal wurtzite structure and good 

crystal quality [31]. 
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Figure 6.2 Raman spectra of (a) TiO2 and (b) ZnO nanoparticles. 

6.3.2 Scanning electron microscope (SEM) analysis 

The scanning electron microscope (SEM) was used to examine the 

surface morphology of the photoanode films over the FTO glass substrate [29]. 

The highly porous morphology of the TiO2 and ZnO nanostructure films 

deposited on the FTO glass substrate can be observed from the SEM images 

shown in Fig. 6.3(a) and Fig. 6.3(b) respectively. 
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Figure 6.3 Scanning electron microscope (SEM) image of (a) TiO2 and (b) 

ZnO nanoparticles. 

The average particle size of the TiO2 nanoparticles was about 20 nm while that 

was in a range of 40-300 nm for ZnO. The highly porous structure of the 

semiconductor thin film resulted in greater dye molecule adsorption on the 

surface of the TiO2 and ZnO nanoparticles. Also, the smaller particle size of the 

TiO2 nanoparticles compared to ZnO provides a higher overall surface area for 

dye molecule attachment for a particular volume of the photoanode. More dye 

adsorption causes more electron excitation from HOMO to LUMO of dye 

molecules after photon absorption [32]. 

6.3.3 Photovoltaic Performance of the DSSCs    

The Current-Voltage (I-V) characteristics of the N719 dye and TiO2 

photoanode  based DSSCs fabricated using liquid and gel-based electrolytes are 

shown in Fig. 6.4.  
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Figure 6.4  Current-Voltage characteristics of the N719 dye based cells 

fabricated with TiO2.  

The different electrical parameters of the cells obtained from the I-V 

characteristics are listed in Table 6.1 below. 

Table 6.1. Summary of photovoltaic parameters of the N719 dye based cells. 

Electrolyte 

used 

Jsc 

(mA/cm2) 

Voc(V) FF Efficiency 

( %) 

Liquid 1.67 0.662 0.43 1.90 

Gel 1.42 0.646 0.35 1.29 

The energy conversion efficiency of gel electrolyte based DSSC was 

lower than liquid electrolyte based DSSC. The photovoltaic efficiency of 

DSSCs using liquid and gel type electrolytes is 1.90% and 1.29% respectively. 

Table 6.1 represents the various photovoltaic parameters extracted from the I-V 

curves of the cells with liquid and gel electrolytes. The solar cell fabricated 

using liquid electrolyte exhibits higher short-circuit photocurrent density (JSC), 
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open-circuit voltage (VOC), and fill factor (FF) compared to the DSSC 

fabricated using gel electrolyte as a dye.  

 

 

Figure 6.5  Current-Voltage characteristics of the N3 dye based cells fabricated 

with (a) TiO2  (b) ZnO photoanodes. 
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The Current-Voltage (I-V) characteristics of the DSSCs fabricated using 

liquid and gel-based electrolytes are shown in Fig. 6.5. The different electrical  

arameters of the cells obtained from the I-V characteristics are listed in       

Table 6.2 below.  

Table 6.2. Summary of photovoltaic parameters of the N3 dye based cells. 

Cell wt% of EC Jsc 

(mA/cm2) 

Voc(V) FF Efficiency 

( %) 

TiO2 0 14.16 0.66 0.43 4.01 

 2 12.0 0.64 0.37 2.84 

 4 11.18 0.64 0.35 2.50 

 6 10.06 0.63 0.34 2.15 

 8 9.51 0.61 0.34 1.97 

 10 8.33 0.60 0.34 1.70 

ZnO 0  6.01 0.56 0.51 1.71 

 2 5.41 0.55 0.36 1.07 

 4 4.82 0.55 0.32 0.85 

 6 3.91 0.56 0.36 0.79 

 8 3.79 0.55 0.24 0.50 

 10 2.99 0.55 0.28 0.46 

 

It can be seen from Fig. 6.5(a) and 6.5(b) that for both TiO2 and ZnO 

photoanode based DSSCs, there is a loss of device performance with an 

increase in EC content. This is due to increased electrolyte viscosity and 

decreased ionic diffusion coefficient with an increase in EC amount. The 

energy conversion efficiency of gel electrolyte based DSSCs was much lower 

than the liquid electrolyte based DSSCs in both TiO2 and ZnO photoanode 

based cells. The photovoltaic efficiency of DSSCs using liquid and gel type 

electrolytes is    4.01 % and      2.84 % respectively for TiO2 based cells, and 
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for ZnO based cells, these values are 1.71 % and 1.10 % respectively. Table 6.2 

represents the various photovoltaic parameters extracted from the I-V curves of 

the cells with liquid and gel electrolytes. The efficiency of the gel-based DSSC 

for both the N719 and N3 dye may be low compared to the liquid electrolyte 

based DSSC, but the values of cell parameters obtained are found to be 

comparable to the efficiencies obtained for gel electrolyte based DSSCs [32]. 

For both TiO2 and ZnO photoanodes, we had the highest efficiency in gel-

based cells for 2 wt% EC concentration. The TiO2 based devices showed better 

performance as compared to ZnO based devices which were quite expected.  

6.3.4 Electrochemical behavior analysis of the DSSCs 
Electrochemical Impedance Spectroscopy (EIS) is a very useful 

technique for interpreting the kinetics of charge transport processes in different 

layers of DSSCs [33]. To quantify the effect of EC content on the diffusion 

property of the electrolyte, EIS measurement was employed in Pt-electrolyte-Pt 

cells with an electrolyte having various content of EC in the liquid electrolyte 

and the obtained Nyquist plot is shown in Fig. 6.6. Generally the Nyquist plot 

of a Pt-electrolyte-Pt cell consists of two semicircles. First semicircle 

corresponding to high-frequency range represents the charge transfer resistance 

in the Pt-electrolyte interface, and the second semicircle in the low-frequency 

range represents Warburg diffusion element due to diffusion of iodide / tri-

iodide ion in the electrolyte. An equivalent circuit shown in the inset of Fig. 6.4 

is incorporated to analyze the EIS data. Rs corresponds to the series resistance 

of the electrical contacts and the FTO substrate present in the cell, RPt 

represents the resistance in the Pt counter electrode/electrolyte interface and Cpt 

represents corresponding capacitance. W represents impedance (corresponding 

resistance is Rw) due to the Warburg diffusion process of I–/I3
– in the electrolyte 

[22, 33-36]. 
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Figure 6.6 Nyquist plot of the Pt-electrolyte-pt cells with liquid and gel 

electrolyte with different EC content. 

 Different parameters extracted from Fig. 6.6 by fitting with the 

equivalent circuit are summarised in Table 6.3. The variations in RPt and Rw are 

caused by the differences in conductivities in the relevant electrolytes.  It can 

be seen that both Rpt and Rw is the lowest for liquid electrolyte, indicating the 

highest conductivity of the electrolyte [37]. Increased values of Rpt and Rw with 

increase in EC content indicates deceased conductivity and hence decreased 

cell performance which is in well agreement with the current-voltage 

measurement of both TiO2 and ZnO cells given in Table 6.2. Increased values 

of diffusion resistance (Rw) with increased EC content implies decreased 

diffusion rate of I- and I3
- ions in the electrolyte and thereby slightly lowering 

the Jsc and  with an expected increase in device stability by preventing leakage 

of electrolyte. It also suggests that the more viscous gel electrolyte does not 
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affect the charge transfer process very much for EC concentration of 2 Wt% in 

the photoanode/electrolyte interface of the cell as compared to the liquid 

electrolyte. 

Table 6.3. EIS measurement results of the Pt-Electrolyte-Pt cells with liquid 

electrolyte and gel electrolyte having different EC content. 

EC Concentration Rs(Ω) RPt(Ω) Rw(Ω) 

0 Wt% (Liquid) 12.25 10.30 4.25 

2 Wt% 12.30 12.52 4.93 

4 Wt% 12.32 13.46 5.27 

6 Wt% 12.28 15.25 5.48 

8 Wt% 12.25 17.83 6.85 

10 Wt% 12.41 20.58 9.23 

 

6.3.5 Stability Study of the Cells 
To explore the effect of electrolytes on long-term stability, the DSSCs 

were characterized by performing photovoltaic measurement over time. The 

sealed cells were placed under 1 sun illumination and J-V measurements were 

recorded every day over fifteen days. The stability check was performed for 

both TiO2 and ZnO DSSCs fabricated with liquid and gel electrolytes. The gel 

electrolyte with EC content of 2 wt% was only chosen for stability 

measurements and the cells with gel electrolytes having EC content of more 

than 2 wt% showed significantly decreased efficiency. Figure 6.7 depicts Jsc , 

Voc , FF, and η over time for liquid DSSCs and gel DSSCs fabricated with both 

TiO2 and ZnO as photoanode material. 
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Figure 6.7 Stability behaviour of the liquid and gel based DSSCs fabricated 

with (a)-(d) TiO2 and (e)-(h) ZnO as photoanode material. 
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It is clearly evident from Fig.675 that incorporating EC into the DSSC 

electrolyte improves device stability significantly for both types of DSSCs. Voc 

remains almost unchanged for both liquid and gel electrolytes, whereas FF and 

Jsc decrease rapidly for liquid electrolyte-based DSSCs, but this decline is much 

slower for Gel electrolyte cells. Consequently, the efficiency of the gel 

electrolyte-based cells is well stable compared to the efficiency of liquid 

electrolyte-based cells, which decreases rapidly over time. It is clear that even 

though there is a slight decrease in the efficiency of the gel electrolytes, the cell 

developed with gel electrolytes shows better stability than that with liquid 

electrolyte. The improvement in long-term stability is probably due to the 

higher viscosity of gel, inhibiting the ionic migration to stabilize the system 

over a longer time and also by controlling the evaporation of liquid electrolytes 

[38]. Also, the higher stability of the gel electrolyte gives it better cost-

effectiveness than the liquid electrolyte. 

6.4 CONCLUSION 

DSSCs were fabricated with pure TiO2 and ZnO photoanodes with liquid 

and gel-type electrolyte, and cell performances were recorded. The liquid 

electrolyte cells exhibited higher short-circuit photocurrent density, open-

circuit voltage, fill factor, and efficiency compared to the gel electrolyte based 

DSSCs. Though the efficiency of the gel-based DSSC is lower than the liquid 

electrolyte DSSC, the cell parameters obtained were comparable to the 

parameters obtained for gel electrolyte DSSCs by other researchers. Comparing 

these two types of DSSCs, it is clear that though the photovoltaic performance 

of gel electrolyte DSSC is slightly lower than liquid electrolyte DSSC, the 

performance of gel-based DSSC remains noticeably stable while for the liquid 

electrolyte the stability decreases remarkably over time. It is also found that the 

EC based gel electrolyte with proper EC wt% can be used to increase the 

stability of both TiO2 and ZnO photoanode based DSSCs. 



 
Chapter 6 

 
Page 212 

 
 

References: 

[1] Grätzel, M., “Dye-sensitized solar cells”, Journal of photochemistry 

and photobiology C: Photochemistry Reviews, vol. 4, no. 2, pp. 145-

153, 2003.   

https://doi.org/10.1016/S1389-5567(03)00026-1 

[2] Elliott, D., “Renewable energy and sustainable futures”, Futures, vol. 

32, no. 3-4, pp.261-274., 2000. 

https://doi.org/10.1016/S0016-3287(99)00096-8 

[3] Gong, J., Liang, J., Sumathy, K., “Review on dye-sensitized solar cells 

(DSSCs): fundamental concepts and novel materials”, Renewable and 

Sustainable Energy Reviews, vol. 16, no. 8, pp. 5848-5860, 2012. 

https://doi.org/10.1016/j.rser.2012.04.044   

[4] Blakers, A., Zin, N., McIntosh, K. R., Fong, K., “High-efficiency 

silicon solar cells”, Energy Procedia, vol. 33, pp. 1-10, 2013. 

https://doi.org/10.1016/j.egypro.2013.05.033 

[5] McConnell RD., “Assessment of the dye-sensitized solar cell. 

Renewable and Sustainable Energy Reviews”, vol. 6, no. 3, pp. 271-93, 

2002. 

https://doi.org/10.1016/S1364-0321(01)00012-0 

[6] Sharma K, Sharma V, Sharma SS, “Dye-sensitized solar cells: 

fundamentals and current status”, Nanoscale research letters, vol. 13, 

no. 1, pp. 381, 2018. 

https://doi.org/10.1186/s11671-018-2760-6 

[7] Al-Alwani MA, Mohamad AB, Ludin NA, Kadhum AA, Sopian K., 

“Dye-sensitised solar cells: development, structure, operation 

principles, electron kinetics, characterization, synthesis materials & 

natural photosensitizers”, Renewable & Sustainable Energy Reviews, 

vol. 65, no. 1, pp. 183-213, 2016. 

https://doi.org/10.1016/j.rser.2016.06.045 



 
Chapter 6 

 
Page 213 

 
 

[8] O'regan B, Grätzel M. A, “low-cost, high-efficiency solar cell based on 

dye-sensitized colloidal TiO2 films”, Nature, vol. 353, no. 6346, pp. 

737-740, 1991. 

https://doi.org/10.1038/353737a0  

[9] Leung DY, Fu X, Wang C, Ni M, Leung MK, Wang X, et al. 

“Hydrogen production over titania‐based photocatalysts”, 

ChemSusChem, vol. 3, no. 6, pp. 681-694, 2010. 

https://doi.org/10.1002/cssc.201000014 

[10] Liu G, Gong J, Kong L, Schaller RD, Hu Q, Liu Z, et al., “Isothermal 

pressure-derived metastable states in 2D hybrid perovskites showing 

enduring bandgap narrowing”, Proceedings of the National Academy 

of Sciences, vol. 115, no. 32, pp. 8076-8081, 2018. 

https://doi.org/10.1073/pnas.1809167115 

[11] Liu G, Kong L, Guo P, Stoumpos CC, Hu Q, Liu Z, et al., “Two 

regimes of bandgap redshift and partial ambient retention in pressure-

treated two-dimensional perovskites”, ACS Energy Letters, vol. 2, no. 

11, pp. 2518-2524, 2017. 

https://doi.org/10.1021/acsenergylett.7b00807 

[12] Wang X, Li Z, Shi J, Yu Y, “One-dimensional titanium dioxide 

nanomaterials: nanowires, nanorods, and nanobelts”, Chemical 

Reviews, vol. 114, no. 19, pp. 9346-9384, 2014. 

https://doi.org/10.1016/j.ijleo.2019.164142 

[13] Biswas R, Chatterjee S, “Effect of surface modification via sol-gel spin 

coating of ZnO nanoparticles on the performance of WO3 photoanode-

based Dye-Sensitized Solar Cells”, Optik, 2019 Dec 28:164142.  

https://doi.org/10.1016/j.ijleo.2019.164142 

 



 
Chapter 6 

 
Page 214 

 
 

[14] Lee JH, Park NG, Shin YJ, “Nano-grain SnO2 electrodes for high 

conversion efficiency SnO2–DSSC”, Solar energy materials and solar 

cell, vol. 95, no. 1, pp. 179-183, 2011. 

https://doi.org/10.1016/j.solmat.2010.04.027 

[15] Zheng H, Tachibana Y, Kalantar-Zadeh K, “Dye-sensitized solar cells 

based on WO3”, Langmuir, vol. 26, no. 24, pp. 19148-19152,  2010. 

https://doi.org/10.1021/la103692y 

[16] Karki IB, Nakarmi JJ, Mandal PK, Chatterjee S, “Effect of organic 

dyes on the performance of ZnO based dye-sensitized solar cells”, 

Applied Solar Energy, vol. 49, no. 1, pp. 40-45, 2013. 

https://doi.org/10.3103/S0003701X13010052 

[17] Ayalew WA, Ayele DW, “Dye-sensitized solar cells using natural dye 

as light-harvesting materials extracted from Acanthus sennii chiovenda 

flower and Euphorbia cotinifolia leaf”, Journal of Science: Advanced 

materials and devices, vol. 1, no. 4, pp. 488-494,  2016. 

https://doi.org/10.1016/j.jsamd.2016.10.003 

[18] Kabir F, Bhuiyan MM, Manir MS, Rahaman MS, Khan MA, Ikegami 

T, “Development of dye-sensitized solar cell based on a combination 

of natural dyes extracted from Malabar spinach and red spinach”, 

Results in Physics, vol. 14, no. 1, pp. 1-7, 2019. (Article no.102474) 

https://doi.org/10.1016/j.rinp.2019.102474 

[19] Narayan MR, “Dye-sensitized solar cells based on natural 

photosensitizers”, Renewable and Sustainable Energy Reviews, vol. 16, 

no. 1, pp. 208-215, 2012. 

https://doi.org/10.1016/j.rser.2011.07.148  

 

 

 



 
Chapter 6 

 
Page 215 

 
 

[20] Biswas R, Roy T, Chatterjee S, “Study of Electro-Optical Performance 

and Interfacial Charge Transfer Dynamics of Dye-Sensitized Solar 

Cells Based on ZnO Nanostructures and Natural Dyes”, Journal of  

Nanoelectronics and Optoelectronics, vol. 14, no. 1, pp. 99-108, 2019. 

https://doi.org/10.1166/jno.2019.2445 

[21] Wu, J., Lan, Z., Hao, S., Li, P., Lin, J., Huang, M., et al., “Progress on 

the electrolytes for dye-sensitized solar cells”, Pure and Applied 

Chemistry, vol. 80, no. 11, pp. 2241-2258, 2008. 

https://doi.org/10.1351/pac200880112241 

[22] Vasei, M, Tajabadi, F., Jabbari, A. & Taghavinia, N., "Stable dye-

sensitized solar cells based on a gel electrolyte with ethyl cellulose as 

the gelator", Applied Physics A volume 120, pages869–874(2015)  

https://doi.org/10.1007/s00339-015-9332-8 

[23] Richter, A., Hermle, M., Glunz, S. W, “Reassessment of the limiting 

efficiency for crystalline silicon solar cells”, IEEE Journal of 

photovoltaics, Vol. 3, no. 4, pp. 1184-1191, 2013. 

https://doi.org/10.1109/JPHOTOV.2013.2270351 

[24] Mahmood, A., ‘Recent research progress on quasi-solid-state 

electrolytes for dye-sensitized solar cells’, Journal of energy chemistry, 

vol. 24, no. 6, pp. 686-692, 2015. 

https://doi.org/10.1016/j.jechem.2015.10.018 

[25] Shi, L.-Y., Chen, T.-L., Chen, C.-H., Cho, K.-C., “Synthesis and 

characterization of a gel-type electrolyte with ionic liquid added for 

dye-sensitized solar cells. International Journal of Photoenergy”, vol. 

2013, pp. 1–7, 2013. (special issue) 

https://doi.org/10.1155/2013/834184 

[26] An, H., Xue, B., Li, D., Li, H., Meng, Q., Guo, L., et al., 

“Environmentally friendly LiI/ethanol-based gel electrolyte for dye-



 
Chapter 6 

 
Page 216 

 
 

sensitized solar cells”, Electrochemistry Communications, vol. 8, no. 1 

pp. 170-172, 2006. 

https://doi.org/10.1016/j.elecom.2005.11.012 

[27] Pathak, C., Surana, K., Kumar Shukla, V., & Singh, P. K., “Fabrication 

and characterization of a dye-sensitized solar cell using natural dyes”, 

Materials Today: Proceedings, vol. 12, no. 3, pp. 665–670, 2019. 

https://doi.org/10.1016/j.matpr.2019.03.111 

[28] Trihutomo, P., Soeparman, S., Widhiyanuriyawan, D., & Yuliati, L, 

“Performance Improvement of Dye-Sensitized Solar Cell- (DSSC-) 

Based Natural Dyes by Clathrin Protein”, International Journal of 

Photoenergy, vol. 2019, pp. 1-9, 2019. (Article ID 4384728) 

[29] Zanatta, Antonio Ricardo. "A fast-reliable methodology to estimate the 

concentration of rutile or anatase phases of TiO2." AIP Advances 7, 

no. 7 (2017): 075201. 

[30] Shaikh, Shoyebmohamad F., Rajaram S. Mane, Byoung Koun Min, 

Yun Jeong Hwang, and Oh-shim Joo. "D-sorbitol-induced phase 

control of TiO2 nanoparticles and its application for dye-sensitized 

solar cells." Scientific reports 6, no. 1 (2016): 1-10. 

[31] Zhuo, R. F., H. T. Feng, Q. Liang, J. Z. Liu, J. T. Chen, D. Yan, J. J. 

Feng et al. "Morphology-controlled synthesis, growth mechanism, 

optical and microwave absorption properties of ZnO nanocombs." 

Journal of Physics D: Applied Physics 41, no. 18 (2008): 185405. 

[32] Umale, S. V., Tambat, S. N., Sudhakar, V., Sontakke, S. M., & 

Krishnamoorthy, K., “Fabrication, characterization, and comparison of 

DSSC using anatase TiO2 synthesized by various methods”, Advanced 

Powder Technology, vol. 28, no. 11, pp. 2859–2864, 2017. 

https://doi.org/10.1016/j.apt.2017.08.012 



 
Chapter 6 

 
Page 217 

 
 

[33] Wang, Q., Moser, J.-E., Grätzel, M., “Electrochemical impedance 

spectroscopic analysis of dye-sensitized solar cells”, The Journal of 

Physical Chemistry B, vol. 109, no. 31, pp. 14945-14953, 2005. 

https://doi.org/10.1021/jp052768h 

[34] Sarker, S., Ahammad, A., Seo, H. W., Kim, D. M., “Electrochemical 

impedance spectra of dye-sensitized solar cells: fundamentals and 

spreadsheet calculation”, International Journal of Photoenergy, Vol. 

2014, pp. 1-17, 2014. (Article ID 851705) 

https://doi.org/10.1155/2014/851705 

[35] Fabregat-Santiago F, Bisquert J, Palomares E, Otero L, Kuang D, 

Zakeeruddin SM, Grätzel M., “Correlation between photovoltaic 

performance and impedance spectroscopy of dye-sensitized solar cells 

based on ionic liquids”, The Journal of Physical Chemistry C, vol. 111, 

no. 17, pp. 6550-60, 2007. 

https://doi.org/10.1021/jp066178a 

[36] Won, L.J., Kim, J.H. and Thogiti, S., 2018. A polymer electrolyte for 

dye-sensitized solar cells based on a poly (polyvinylidenefluoride-co-

hexafluoropropylene)/hydroxypropyl methyl cellulose blend. 

Electronic Materials Letters, 14(3), pp.342-347. 

https://doi.org/10.1007/s13391-018-0031-4 

[37] Dong, R.X., Shen, S.Y., Chen, H.W., Wang, C.C., Shih, P.T., Liu, 

C.T., Vittal, R., Lin, J.J. and Ho, K.C., 2013. A novel polymer gel 

electrolyte for highly efficient dye-sensitized solar cells. Journal of 

materials chemistry A, 1(29), pp.8471-8478. 

https://doi.org/10.1039/C3TA11331K 

[38] Sonai, G.  G., Tiihonen, A., Miettunen, K., Lund, P. D., & Nogueira, 

A. F., “Long-Term Stability of Dye-Sensitized Solar Cells Assembled 

with Cobalt Polymer Gel Electrolyte”, The Journal of Physical 

Chemistry C, vol. 121, no. 33, pp.17577–17585. 



 
Chapter 6 

 
Page 218 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

This page is intentionally left blank 

 



 

 

Chapter 7 
 

Summary and Conclusions 
 

 

  



 
 

Chapter 7 

 
Page 220 

 

 

 

 

 

 

 

 

 

 

 

 

This page is intentionally left blank 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Chapter 7 

 
Page 221 

 

It is necessary to create novel photovoltaic device designs in addition to 

the well-established, conventional silicon and thin-film panels if solar 

electricity is to reach its full potential as a clean, renewable energy source. This 

thesis entitled “Investigations on Dye Sensitized Solar Cells to Optimize its 

Performance” submitted for the degree of Doctor of Philosophy (Science) in 

Physics of the University of North Bengal, principally focuses on dye 

sensitized solar cells, a still-evolving type of photovoltaic converter whose 

advantages include, for the most part, inexpensive, safe, and readily available 

materials as well as easy manufacturing processes. The whole work presented 

in this thesis is mainly devoted to the comprehensive study and understanding 

of the role of different components of DSSC. It investigates their optimization 

conditions to enhance the device performance in terms of efficiency, stability 

and cost-effectiveness. This study explored several key parameters towards the 

performance optimization of DSSC.  

The first chapter discusses the world’s current energy situation as well 

as the importance of renewable energy sources. This chapter provides a brief 

discussion of the various types of photovoltaic devices that are available. This 

chapter also includes a basic introduction to DSSC, its construction, working 

principle and the roles of its various components. To fully comprehend the 

DSSC’s working principles, components, and potential areas of research that 

could lead to commercialization, a thorough review of the relevant literature 

was conducted in this chapter. 

Chapter 2 provides a basic theory and in-depth explanation of 

experimental techniques used in the study, viz. X-ray diffraction analysis 

(XRD), scanning electron microscopy (SEM), energy-dispersive X-ray 

spectroscopy (EDS) research, UV-VIS spectroscopy and Raman spectroscopy. 

In addition, in this chapter, the fundamentals of measuring current-voltage (I-

V) characteristics and electrochemical impedance spectroscopy, as well as a 
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detailed explanation of the critical factors affecting device performance, are 

also covered. 

The photovoltaic performance of a DSSC is primarily determined by the 

Photoanode material chosen, including surface morphology and the sensitizing 

dye used. Although many different DSSCs have been investigated, most of 

them are not commercially popular due to issues such as low conversion 

efficiency, higher production costs, and lower stability and durability. Among 

all dye sensitizers, the ruthenium complexes are the most popular. The main 

disadvantages of Ruthenium dyes are their rareness, high cost, and complicated 

synthesis process. Furthermore, ruthenium polypyridyl complexes contain 

heavy metals that are hazardous to the environment. In order to find out low-

cost and environment-friendly alternatives to these expensive ruthenium 

compounds, we have used anthocyanin extracted from pomegranate (Punica 

granatum) and curcumin extracted from fresh turmeric (Curcuma longa) as 

sensitizers. Additionally, ZnO has been used as a potential alternative to TiO2 

due to its fascinating electrical and optical properties. Both ZnO nanoparticles 

and ZnO nanorods are used as photoanode material. ZnO nanorod based DSSC 

showed better performance as 1-D single-crystalline rod-like structure of ZnO 

nanorods provides a higher surface-to-volume ratio enabling better dye loading 

as well as it provides a direct path for faster charge transfer through them. 

Efforts are made to improve device performance using low-cost sensitizers and 

semiconductor materials. These research findings are put together in Chapter 3. 

The Chapter 4 investigates the effect of WO3 as a working electrode 

material for DSSC as an alternative to TiO2. Despite having several 

advantageous properties, the performance of pure WO3-based DSSC was found 

to be extremely poor. Surface modification of the WO3 photoanode was done 

by spin coating ZnO nanoparticles synthesized via the sol-gel method. Device 

performances were recorded for different concentrations of ZnO precursor 

solution. The concentration of the ZnO precursor solution was found to have a 
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strong influence on the DSSC’s photovoltaic performance. It was observed 

that, although the incorporation of a thin layer of ZnO onto WO3 enhances the 

power conversion efficiency by creating an energy barrier and limiting the 

electron back-recombination, the thicker layer of ZnO degrades the cell 

performance by forming an aggregation of Zn+2 ions and N3 dye and reducing 

the dye adsorption quantity of WO3 film. 

Dye aggregation on the metal-oxide surface of a DSSC affects the 

photoelectron injection by increasing charge recombination and hence limits 

the overall device performance. The use of additives such as Chenodeoxycholic 

acid (CDCA) is a very useful and widely used strategy in lowering the self-

aggregation of dye molecules by suppressing unfavourable dye-dye interactions 

and thereby enhancing the photoconversion efficiency. However, the strong 

binding of CDCA molecules to the ZnO surface partially displaces dye 

molecules and consequently reduces photon harvesting. Therefore, to maximize 

the positive effect of the co-adsorbent, it is very crucial to carefully optimize 

the amount of CDCA. The impact of the proper concentration of CDCA as an 

anti-dye-aggregation material in boosting the DSSC performance based on 

Rose Bengal dye is discussed in Chapter 5. Additionally, in order to minimize 

charge recombination, the impact of a very thin and compact ZnO blocking 

layer was also examined. At optimized co-adsorbent concentration, the reduced 

dye loading due to the presence of CDCA and consequently decreased light-

harvesting was compensated by the increased electron injection efficiency 

leading to maximum device efficiency of 1 %. oreover, when a compact ZnO 

blocking layer was applied to the FTO prior to depositing the mesoporous ZnO 

active layer, the performance was further improved from 1.00 percent to 1.22 

percent. This resulted from the inhibition of electron back transfer from the 

FTO to the liquid electrolyte. 

Chapter 6 focuses on the use of gel electrolytes in DSSC rather than liquid 

electrolytes. The leakage of liquid electrolyte, electrode corrosion, photo-



 
 

Chapter 7 

 
Page 224 

 

degradation of attached dyes, and solvent volatility all limit the long-term 

performance of liquid electrolyte-based DSSCs. Gel electrolytes were used to 

overcome these limitations because they reduce the volatility of organic 

solvents and prevent leakage. To improve the cell stability, gel electrolyte-

based DSSCs were created using ethyl cellulose (EC) as the gelation material 

in a conventional liquid electrolyte containing LiI and I2 as the redox couple in 

acetonitrile solvent. TiO2 and ZnO were used as photoanode materials in 

various types of DSSCs. The effect of EC concentration on the performance of 

DSSCs, including stability over time, was also studied.  

Although the efficiency of the gel-based DSSC is less than that of the liquid 

electrolyte DSSC, the cell characteristics were equivalent to those for gel 

electrolyte-based DSSCs by other researchers. A Comparison of these two 

kinds of DSSCs reveals that, despite having slightly lower photovoltaic 

performance than liquid electrolyte DSSC, gel-based DSSC performance is 

noticeably more stable than liquid electrolyte performance over time.  The 

stability of both TiO2 and ZnO photoanode based DSSCs can be improved by 

using an EC based gel electrolyte with the correct EC wt%. 
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1. Introduction 
Recent years have seen an increase in demand for efficient solar 

photovoltaic (PV) cell power generation due to the world’s increasing energy 

needs and the depletion of fossil fuels [1-3]. Effect of substantial use of fossil 

fuel on the environment is a matter of significant worry as well [4]. Modules 

made of crystalline silicon and based on bulk wafers make up the majority of 

the photovoltaic (PV) modules produced today. The high expense of these solar 

cells’ fabrication as well as the use of hazardous ingredients has driven 

researchers to develop new, less expensive solar cells that are not silicon-based 

in order to capture solar energy more effectively [5-8]. 

Due to its high conversion efficiencies and low cost, dye-sensitized solar 

cells (DSSCs), a novel photovoltaic technology, have garnered much interest. 

Using nanoporous titanium dioxide (TiO2) semiconductor electrodes, 

ruthenium (Ru) metal complex dyes, and iodine electrolyte solutions, O’Regan, 

B., and Grätzel reported high efficiency cells in Nature in 1991 [9]. Since then, 

many studies have been actively carried out on DSSCs and revealed their 

performance comparable to amorphous silicon thin films [10, 11]. 

Dye-sensitized solar cells (DSSCs) are a non-conventional photovoltaic 

technology that has attracted significant attention because of their high 

conversion efficiencies and low cost. O’Regan. B. & Grätzel reported high 

efficiency cells using nanoporous titanium dioxide (TiO2) semiconductor 

electrodes, ruthenium (Ru) metal complex dyes, and iodine electrolyte 

solutions in the journal of Nature in 1991 [9]. Since then, many studies have 

been actively carried out on DSSCs and revealed their performance comparable 

to amorphous silicon thin films [10, 11]. The advantages of these DSSCs are 

their low cost, light weight, and ease of production; yet, problems with 

durability and future enhancement of their features exist. Numerous efforts 

have been undertaken to address these problems, including upgrading materials 



 
 

Appendix 

 
Page 230 

 

and structures and solidifying electrolytes, but major advancements have not 

yet been accomplished [12, 13]. Two conducting glass electrodes are 

sandwiched together to form a dye-sensitized solar cell. Each layer plays a 

particular function in the cell. 

The photovoltaic performance of a DSSC highly depends on all of its 

components and the fabrication methodology. Therefore, the optimization of 

every component is highly crucial to achieve the best performance. Since its 

introduction into the science community in 1991, the nanocrystalline 

photoanode in dye-sensitized solar cells has predominantly been comprised of 

titanium (TiO2) nanoparticles as the semiconducting material [9, 14, 15]. Many 

researchers became very interested in studying the dye-sensitized solar cell 

performance fabricated using alternative semiconducting nanomaterials [16, 

17]. Specifically, Zinc Oxide (ZnO) has been an ideal alternative to TiO2 

because of having a similar conduction band edge that is appropriate for proper 

electron injection from the excited dyes; moreover, ZnO provides better 

electron transport due to its higher electronic mobility. Moreover, ZnO is also 

highly transparent, allowing greater light penetration [18-22]. 

In this study, ZnO nanoparticles were used to fabricate the photoanode 

of the DSSCs and Rose Bengal dye was utilized as a sensitizer. To obtain better 

efficiency, the dye molecules must bind tightly to the mesoporous ZnO 

photoanode surface with the assistance of their anchoring group to ensure 

proficient electron injection from the LUMO of the dye molecule to the 

conduction band (CB) of ZnO. Here, we have studied the effect of the inclusion 

of rose bengal dye solution during the ZnO nanoparticle paste preparation. This 

yielded a coloured pre-dye treated paste of ZnO nanoparticles. The 

performance of pre-dye treated DSSC was compared with the cell prepared 

without pre-dye treating. 
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2. Materials and Method 
2.1. Materials 

Transparent ITO coated glass (10 Ω/ square) was purchased from 

Techinstro, India. Commercial ZnO nanopowder, Rose Bengal dye, and Triton 

X-100 were bought from Sigma Aldrich, India. The liquid electrolyte used in 

our experiment was a Solaronix high performance electrolyte (Iodolyte AN50) 

with iodide/tri-iodide as redox couple, ionic liquid, and lithium salt and 

pyridine derivative as additives dissolved in acetonitrile solvent. The liquid 

platinum paint (Platisol T) purchased from Solaronix, Switzerland was used to 

prepare the platinum-coated transparent counter electrode. Meltonix 1170-25 

(25µm) purchased from Solaronix was used as a spacer between the working 

and counter electrode to avoid short-circuiting. All the reagents utilized in the 

fabrication process were of analytical grades. So no further purification was 

required. 

2.2.  Preparation of pure ZnO photoanode 
To prepare the thin films of the photoanode materials, the ITO coated 

glass substrates were first cleaned with dilute HCl in an ultrasonic bath for 15 

minutes and then thoroughly rinsed with deionized water to remove the HCL 

residues. Then the substrates were cleaned with acetone and ethanol using an 

ultrasonic cleaning bath [17, 22].  

The working electrode of the DSSC was prepared by following the 

standard doctor blade method.  The paste for doctor blading was prepared by 

mixing ZnO nanopowder with dilute acetylacetone as a solvent and ethyl 

cellulose as a binder. One drop of Triton X-100 was added to the mixture to 

reduce the surface tension of the slurry and to enable even spreading. The 

mixture was stirred continuously in order to obtain a smooth lump-free slurry. 

The ZnO paste was then coated on the conductive side of the cleaned ITO glass 

substrate and subsequently annealed at 450oC on a hot plate for 30 min in order 



 
 

Appendix 

 
Page 232 

 

to burn out the ethyl cellulose contents of the working electrode and 

strengthens the bonding between the substrate and the ZnO film. In addition to 

that, the annealing procedure also helps to improve the surface quality of the 

thin film along with increasing the crystallinity of the sample. 

2.3. Preparation of pre-dye treated ZnO photoanode 
To prepare the pre-dye treated ZnO photoanode, the above procedure is 

slightly modified by directly adding 0.3 mM ethanolic solution of Rose Bengal 

dye during the ZnO nanoparticle paste preparation. This yielded a coloured pre-

dye treated paste of ZnO nanoparticles. This paste was also coated using the 

doctor blade method (Fig. 1) on a previously cleaned ITO glass substrate and 

annealed following the identical procedure as followed for the pure ZnO 

electrode to obtain the pre-dye treated ZnO working electrode. 

 
 

Figure 1. Schematic diagram of doctor blade method. 

(https://link.springer.com/article/10.1007/s11356-020-10022-9) 

2.4.  Fabrication of the cells 
Both of the pure and pre-dye treated ZnO electrodes were sensitized by 

immersing them in a 0.3 mM ethanolic solution of Rose Bengal dye for 12 

hours. The working electrodes were then removed from the solution and 

thoroughly rinsed with deionized water and ethanol to remove any excess dye 
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from the ZnO nanoparticle film surface and left for air drying at room 

temperature. The platinum catalyst precursor solution Platisol-T (Solaronix) 

was spin-coated on the conducting side of the cleaned ITO glasses and heated 

at 450 o C for 15 minutes on a hot plate to prepare the counter electrodes for the 

cells. The dye adsorbed working electrodes and platinum(Pt)-coated counter 

electrodes were assembled against the coated sides of each other in a sandwich 

manner using two binder clips with a Surlyn film (Meltonix 1170-25µm, 

Solaronix) gasket as a spacer in between them. The liquid electrolyte used in 

the fabrication process was poured inside the cell through fine holes pre-drilled 

on the counter electrodes. The redox concentration of the electrolyte was 50 

mM. The active area of the cells for illumination was 0.16 cm2. 

2.5. Characterization and Measurements  
PAN-analytical X’Pert PRO X-ray diffractometer (CuKα radiation, 30 

mA, 40 kV, λ= 1.5406 Å) was used to study the crystalline structure of the ZnO 

nanoparticles. The surface morphology of the prepared ZnO thin films was 

studied by using scanning electron microscopy (JEOL). The Current-Voltage 

(I-V) characterization of the cells was done using a Keithley 2400 digital 

source meter under 100 mW/cm2 illumination (Xenon lamp 450W).   

3. Results and Discussion 
3.1. UV-VIS absorption spectral analysis of the dye 

UV-VIS absorption spectrum of the Rose Bengal dye is shown in Fig. 2. 

The Rose Bengal dye absorbs a larger fraction of the solar spectrum in the 

visible region of 460–600 nm and it shows the highest optical absorption at 549 

nm wavelength.  
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                             Figure 2. Absorption spectra of Rose Bengal dye. 

3.2.  Structural and phase characterization ZnO of the 

photoanode 

X-ray diffraction pattern of the as-purchased ZnO nanopowder is shown 

in Fig. 3. The XRD pattern exhibits the hexagonal wurtzite crystal phase of 

ZnO and peaks well match the standard JCPDS card no. 36-1451. The 

diffraction peaks observed at 2θ values of 31.79°, 34.42°, 36.25°, 47.51°, 

56.60°, 62.86°, 67.96°, and 69°corresponds to the reflection from the (100), 

(002), (101), (110), (103), (112), and (201) lattice planes respectively. Sharp 

and strong peaks indicate the highly crystalline nature of the material [23, 24]. 
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Figure 3. X-ray diffraction pattern of ZnO nanoparticles. 

3.3.  Surface Morphology study and energy dispersive 

spectroscopy of the photoanodes 
Scanning electron microscopic (SEM) analysis of the ZnO nanopowder 

film on the ITO substrate was carried out to study the morphological properties 

and the particle size of the sample. The SEM image of the ZnO nanoparticles 

on an ITO substrate is shown in Fig.4 (a). 

 
Figure 4. (a) SEM images, (b) EDS and (c) Elemental composition of ZnO 

Nanoparticles respectively 
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The SEM observation confirms that the ZnO particle size is in the 

nanometre range and they have a hexagonal wurtzite structure. Further, the 

chemical composition and elemental percentage of the film are revealed by the 

EDS analysis which is shown in Fig. 4 (b) and 4 (c) respectively. 

3.4. Photovoltaic ( Current-Voltage) characterization of the 

cells  
The Current-Voltage characteristic is an essential measurement that 

reveals the values of the overall photovoltaic performance of a solar cell along 

with key performance parameters like open circuit voltage and short circuit 

current density. Fig. 5 depicts the I-V characteristics of the DSSCs based on 

pure and pre-dye treated ZnO as photoanodes respectively. The overall 

photoconversion efficiency of the solar cell is calculated by the formula   

h =  P���P�� =  I��V��FFP��                                         (1) 

Where Pin, Voc, Isc and FF denote the incident photon power, open-circuit 

voltage, the short circuit current density and fill factor respectively. The fill 

factor is calculated using the following formula:  �� = I���V���I��V��                                                   (2) 

Where Imax and Vmax, respectively, represent values of the current and voltage 

at the maximum output power point of the solar cell.  
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Figure 5. Current-voltage characteristics of different cells under illumination. 

The photovoltaic parameters extracted from the I-V characteristics of 

the fabricated DSSCs are shown in table 1 below. 

Table 1.  
Photovoltaic performance of uncoated and ZnO coated WO3 photoanode based 

DSSC 

ZnO precursor 

concentration 

Jsc (mA/cm2) Voc(V) FF Efficiency (h 

%) 

Pure ZnO 3.73 0.53 0.63 1.26 

Pre-dye treated ZnO 4.47 0.55 0.62 1.53 

A considerable improvement in the values of Jsc and h for the pre-dye 

treated DSSC can be observed compared to the conventionally prepared pure 

ZnO electrode from Table 1. This demonstrates the positive role of the pre-dye 

treating process. This may be attributed to the fact that the pre-dye loading 

method resulted in uniform dye adsorption, reduced agglomeration, the 

improved surface morphology of photoanode and less dye aggregation [25]. 
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The Voc is also improved slightly. The increased amount of dye molecule 

adsorption on the pre-dye treated ZnO nanoparticle surface absorbs more 

photons and thereby injecting more electrons to the conduction band of ZnO. 

This yielded increased Jsc and h.    

4. Conclusion 

DSSCs using pure and pre-dye treated ZnO nanoparticles as photoanode 

material were fabricated and their electro-optical performances were compared. 

The performance of the DSSC was remarkably improved upon pre-dye loading. 

The pre-dye treated ZnO DSSC showed a 19.84% improvement in Short circuit 

current density (Jsc) and 21.43 % improvement in photoconversion efficiency 

(h). Therefore, the method of pre-dye loading of ZnO nanoparticles may be 

used as an effective and novel way to improve the performance of dye 

sensitized solar cells.   
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Abstract
E�ective suppression o� dye aggregation on the photoanode sur�ace o� dye sensitized solar 
cells plays a key role in improving solar cell e�ciency. Chenodeoxycholic acid (CDCA) 
is a very popular anti dye aggregation material used in dye sensitized solar cells (DSSC). 
However, the selection o� an improper concentration o� CDCA may lead to decreased solar 
cell e�ciency by lowering the open circuit voltage and short circuit current as a conse-
quence o� reduced dye loading. The in�uence o� CDCA as a dye co-adsorbent on the per-
�ormance o� DSSCs �abricated using Rose Bengal dye was studied in this paper. The con-
centration o� the CDCA solution was varied to identi�y the optimum value �or the best 
device per�ormance. Aside �rom this, the e�ect o� a very thin and compact ZnO block-
ing layer was also investigated to reduce the charge recombination. With photovoltaic 
parameters such as short circuit current density  (Jsc) = 1.98 mA/cm2, open circuit voltage 
 (Voc) = 0.58 V, and fll �actor (FF) = 0.43, the traditional cell displayed an overall conver-
sion e�ciency o� 0.49%, while the power conversion e�ciency was �ound to be increased 
to 1.00% (Jsc = 2.80 mA/cm2,  Voc = 0.64, FF = 0.58) when CDCA was added at optimised 
concentration o� 8 mM. Reduced dye aggregation and increased electron injection in the 
presence o� CDCA may be accounted �or the DSSC’s remarkable improvement in the e�-
ciency. Moreover, the combined e�ect o� 8  mM CDCA and the compact ZnO blocking 
layer dramatically enhanced the e�ciency �urther to 1.22%  (Jsc = 3.09 mA/cm2,  Voc = 0.66, 
FF = 60). Electrochemical impedance spectroscopic (EIS) analysis revealed that the addi-
tion o� CDCA as a co-adsorbent in the dye solution and addition o� ZnO blocking layer 
resulted in signifcantly improved electron li�etime and reduced electron recombination 
yielding improved  Jsc,  Voc and η.

Keywords Dye sensitized solar cell · Dye co-adsorbent · Chenodeoxycholic acid · ZnO 
blocking layer · Rose bengal dye · Electrochemical impedance spectroscopy
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1 Introduction

Ever growing global energy requirement and depleting level o� �ossil �uels have acceler-
ated the demand �or e�cient power generation �rom solar photovoltaic (PV) cells in recent 
years (Bach 1997; Meadows et al. 1972; Hosenuzzaman et  al. 2015). The environmental 
impact o� the use o� �ossil �uels is another major concern (Barbir et  al. 1990). The cur-
rent production o� photovoltaic (PV) modules is dominated by crystalline silicon modules 
based on bulk wa�ers. However, the use o� toxic materials and the high production cost o� 
these solar cells have motivated the researchers to fnd new kinds o� less expensive and 
non silicon-based solar cells to harvest solar energy e�ciently (Goetzberger et  al. 2003; 
Alharbi et al. 2011; Lee and Ebong 2017; Yamamoto et al. 2001).

Dye-sensitized solar cells (DSSCs) are a non-conventional photovoltaic technology 
that has attracted signifcant attention because o� their high conversion e�ciencies and 
low cost. O’Regan. B. and Grätzel reported high e�ciency cells using nanoporous tita-
nium dioxide  (TiO2) semiconductor electrodes, ruthenium (Ru) metal complex dyes, and 
iodine electrolyte solutions in the journal o� Nature in 1991 (O’Regan and Grätzel 1991). 
Since then, many studies have been actively carried out on DSSCs and revealed their per-
�ormance comparable to amorphous silicon thin flms (Chiba et  al. 2006; Grätzel 2005). 
These DSSCs have the advantages o� low cost, lightweight and easy �abrication, but issues 
include durability and �urther improvement o� their properties. To respond to these issues, 
many attempts have been made, such as solidi�ying electrolytes and improving materials 
and structures, but there have been no great breakthroughs yet (Chung et al. 2012; Cai et al. 
2011).

A dye-sensitized solar cell consists o� two conducting glass electrodes in a sandwich 
arrangement. Each layer has a specifc role in the cell. The transparent glass electrodes 
allow the light to pass through the cell. The titanium dioxide serves as a holding place 
�or the dye and participates in electron trans�er. The dye molecules collect light and pro-
duce excited electrons which cause a current in the cell. The iodide electrolyte layer acts 
as a source �or electron replacement. The bottom conductive layer is coated with platinum 
which plays the role o� the counter electrode. A schematic structure o� a liquid electrolyte 
DSSC and its working principle is shown in Fig. 1. When light passes through the conduc-
tive glass electrode, the dye molecules absorb the photons and the electrons in the dye go 
�rom the ground state (HOMO) to an empty excited state (LUMO). This is re�erred to as 
photoexcitation. The excited electrons jump to the conduction band o� the semiconducting 
dioxide and di�use across this layer reaching the conductive electrode. Then they travel 
through the outer circuit and reach the counter electrode. The dye molecules become oxi-
dized a�ter losing an electron to the semiconductor oxide material. The red-ox iodide elec-
trolyte donates electrons to the oxidized dye molecules thereby regenerating them. When 
the originally lost electron reaches the counter electrode, it gives the electron back to the 
electrolyte (O’Regan and Grätzel 1991; Grätzel 2003).

The photovoltaic per�ormance o� a DSSC highly depends on all o� its components and 
the �abrication methodology. There�ore, the optimization o� every component is extremely 
crucial to achieve the best per�ormance. Since its introduction into the science commu-
nity in 1991, the nanocrystalline photoanode in dye-sensitized solar cells has predomi-
nantly been comprised o� titanium  (TiO2) nanoparticles as the semiconducting material 
(O’Regan and Grätzel 1991; Grätzel 2003; Shao et  al. 2011). Many researchers became 
very interested in studying the dye-sensitized solar cell per�ormance �abricated using alter-
native semiconducting nanomaterials (Tiwana et  al. 2011; Biswas and Chatterjee 2020). 
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Specifcally, Zinc Oxide (ZnO) has been an ideal alternative to  TiO2 because o� having 
a similar conduction band edge that is appropriate �or proper electron injection �rom the 
excited dyes; moreover, ZnO provides better electron transport due to its higher electronic 
mobility. Along with that, ZnO is also highly transparent, which allows greater light pen-
etration (Zhang et al. 2009; Guillén et al. 2011; Quintana et al. 2007; Vittal and Ho 2017; 
Biswas et al. 2019).

In this study, ZnO nanoparticles were implemented to �abricate the photoanode o� the 
DSSCs and rose bengal dye was utilized as a sensitizer. To obtain better e�ciency, the dye 
molecules must bind tightly to the mesoporous ZnO photoanode sur�ace with the assis-
tance o� their anchoring group to ensure profcient electron injection �rom the LUMO o� 
the dye molecule to the conduction band (CB) o� ZnO.

Ruthenium dyes have long been used as quite e�cient sensitizers �or the photoanodes 
o� the DSSCs (Ito et al. 2006, Aghazada et al. 2018, Nazeeruddin et al. 2011). However, 
these dyes are expensive, di�cult to synthesis, requires high production cost, toxic, rare 
and easily pollute the environment (Sayyed et al. 2016). Owing to these �acts, the organic 
photosensitizer Rose Bengal (RB), emerges as a promising and alternative candidate. It is 
a xanthenes class photosensitizer having high absorbtion coe�cient and absorbs a wide 
spectrum o� solar radiation. It energetically matches the conduction band edge o� ZnO and 
iodine/iodide redox couple �or DSSC application (Pradhan et al. 2007, Du�y et al. 2000). 
Accordingly, ZnO based DSSC per�ormes specifcally well when sensitized with Rose 
Bengal. Although the e�ciency o� these type o� organic sensitizer based DSSCs is less, 
production cost per watt will be less compared to the ruthenium based DSSCs even i� we 
achieve moderate e�ciency. As the RB dye is an organic dye and does not contain any 
toxic noble metal such as ruthenium, there are no environmental pollution related issues 
with it. It is widely used because o� its high absorption coe�cient in the visible region 
o� solar spectrum and its molecular structure (Fig. 2) comprises o� anchoring groups that 
can be adsorbed onto the semiconductor oxide sur�ace. For the particular case o� ZnO–RB 
combination, the interaction between the unflled valance shell o� the ZnO and the carboxyl 

Fig. 1  Schematic diagram and working principle o� a conventional DSSC
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groups present in the dye molecules leads to easy adsorption o� the dye molecules on the 
ZnO sur�ace. Such kind o� bonding between the dye molecule and ZnO not only increases 
adsorptivity o� dye but also �acilitates electron injection because o� the substantial overlap 
between the electron molecular orbitals o� the dye and those o� the semiconductor’s con-
duction band (Rani et al. 2010).

However, in case o� ZnO photoanode based DSSCs, the dye aggregation on the ZnO 
sur�ace a�ects the photoelectron injection by increasing charge recombination and hence 
limits the overall device per�ormance (Kim et  al. 2014; Patwari et  al. 2017; Zhang and 
Cole 2017). The use o� additives such as Chenodeoxycholic acid (CDCA) is a very use�ul 
and widely used strategy in lowering the sel�-aggregation o� dye molecules by suppressing 
un�avourable dye-dye interactions as shown in Fig. 3 and thereby enhances the photocon-
version e�ciency (Buene et  al. 2020; Kumar et  al. 2020; Ismail et  al. 2018). However, 
the strong binding o� CDCA molecules to the ZnO sur�ace partially displaces dye mol-
ecules and consequently reduces photon harvesting. There�ore, to maximize the positive 
e�ect o� the co-adsorbent, it is very crucial to care�ully optimize the amount o� CDCA (Li 
et al. 2011). Few researchers have studied the role o� CDCA as an anti-aggregation agent 
in ruthenium and organic dye based DSSCs and �ound it to be very e�ective in reducing 
the aggregation o� dye molecules over the semiconductor sur�ace (Inoue et al. 2010; Lee 
et al. 2007; Yum et al. 2008; Lu et al. 2009). But there is no report available related to the 
application o� CDCA on Rose Bengal dye. Herein, we report the investigation on the e�ect 
o� CDCA as co-adsorbent in the per�ormance o� Rose Bengal (RB) dye based DSSCs. Di�-
�erent concentrations o� CDCA were studied to identi�y the optimum value �or achieving 
the best device per�ormance.

On the other hand, the mesoporous nature o� the ZnO flm is very essential to tender 
high sur�ace area o�ering more dye loading and thereby generating more photoelectrons. 
However, small pores present in the nanocrystalline ZnO layer o� the photoanode may pro-
vide a path �or the direct contact between the liquid electrolyte and the FTO substrate. 
This may allow the electrons o� FTO to recombine with the  I−

3 ion present in the electro-
lyte resulting in high recombination current and hence decreased cell per�ormance (Yang 
et al. 2014; Yeoh and Chan 2019). There�ore, to inhibit the electron back trans�er, a prom-
ising approach is to modi�y the FTO/electrolyte inter�ace by adding a compact metal oxide 
blocking layer. A thin blocking layer (BL) o� ZnO was deposited by a �acile and cost-e�ec-
tive sol–gel spin coating process be�ore depositing the mesoporous active ZnO layer. In this 

Fig. 2  Chemical structure o� 
Rose Bengal dye
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work, we reported the �abrication and characterization o� DSSCs based on ZnO nanoparti-
cles and Rose Bengal dye. The e�ect o� CDCA concentration and the compact ZnO block-
ing layer in boosting the photovoltaic per�ormance o� the device was investigated in terms 
o� photocurrent–voltage (J–V) characteristics and dark current measurement. In addition to 
that, electrochemical impedance spectroscopy (EIS) analysis was employed to investigate 
the charge trans�er kinetics and electron back reaction o� the �abricated cells.

2  Materials and methods

2.1  Materials

ZnO nanopowder, Zinc acetate dehydrate  (CH3COO)2Zn,  2H2O) and Monoethanolamine 
(MEA) were bought �rom Sigma Aldrich, India. ethylcellulose and terpineol were bought 
�rom TCI Chemicals, India. Transparent FTO coated glass (10 Ω/square), the high-per-
�ormance liquid electrolyte (Iodolyte AN50), chenodeoxycholic acid (CDCA) as a dye 
co-adsorbent and liquid platinum paint (Platisol T) to prepare the platinum-coated coun-
ter electrode were purchased �rom Solaronix, Switzerland. Meltonix 1170–25 (25  µm) 
(Solaronix) was used as a spacer between the working and counter electrode to avoid 

Fig. 3  a Un�avourable dye-dye interaction in absence o� CDCA b reduced sel�-aggregation o� dye mole-
cules in presence o� CDCA
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short-circuiting. All the reagents utilized in the �abrication process were o� analytical 
grades. So no �urther purifcation was required.

2.2  Preparation of conventional ZnO photoanode

To prepare the thin flms o� the photoanode materials, the FTO coated glass substrates were 
frst cleaned with dilute HCl in an ultrasonic bath �or 15 min and then thoroughly rinsed 
with deionized water to remove the HCL residues. The substrates were then cleaned with 
acetone and ethanol using an ultrasonic cleaning bath (Biswas and Chatterjee 2020; Biswas 
et al. 2019). The mesoporous ZnO photoelectrode o� the DSSC was prepared by �ollowing 
the standard doctor blade method. The paste �or doctor blading was prepared by mixing 
0.5 g o� ZnO nanopowder with α-terpineol as a solvent and 0.45 g o� ethyl cellulose as a 
binder (Wong et al. 2012). The mixture was stirred continuously to obtain a smooth lump-
�ree slurry. The ZnO paste was then coated on the conductive side o� the cleaned FTO 
glass substrate and subsequently annealed at 400 °C on a hot plate �or 30 min to burn out 
the ethyl cellulose and other organic contents o� the working electrode and to strengthen-
ing the bonding between the substrate and the ZnO flm. In addition to that, the annealing 
procedure also helps to improve the sur�ace quality o� the thin flm along with increasing 
the crystallinity o� the sample (Elilarassi and Chandrasekaran 2010; Shivaraj et al. 2015; 
Al-Kahlout 2015; Pandey et al. 2017).

2.3  Preparation of photoanode with compact ZnO layer

In order to improve the photovoltaic per�ormance o� the cells �urther by preventing the 
direct contact between FTO and liquid electrolyte, a thin and compact ZnO layer was 
deposited on FTO coated glass substrate by employing a simple sol–gel spin coating 
method prior to deposition o� mesoporous active ZnO nanoparticle layer. The precursor 
solution was prepared by mixing Zinc acetate dehydrate  (CH3COO)2Zn,  2H2O) in 50 ml 
isopropanol as solvent and monoethanolamine (MEA) was used as a stabilizer. The precur-
sor solution concentration was maintained at 0.05 M. The mixture was vigorously stirred 
at 60° C by a magnetic stirrer �or 1 h. MEA was added dropwise under stirring, yielding 
a clear homogenous solution. The solution was le�t �or 24 h at room temperature �or aging 
be�ore it could be used �or flm deposition. The aged solution was then spin-coated on a 
cleaned FTO glass substrate with a programmable spin coater (Apex Instruments Co. Pvt. 
Ltd, Model SpinNXG-P1)at 3000 rpm �or 30 s and annealed at 200 °C �or 20 min to �orm 
the ZnO blocking layer. Over this compact blocking layer, the mesoporous active layer was 
coated using the same doctor blade method and then annealed at 400 °C as done earlier.

2.4  Assembling the devices

One set o� ZnO photoanodes were sensitized by immersing them in a 0.5 mM ethanolic 
solution o� pure Rose Bengal dye �or 12  h. Another set o� photoanodes (both with and 
without ZnO blocking layer) were sensitized with the RB dye solution containing vari-
ous concentrations (0–10 mM) o� CDCA at room temperature �or 12 h. The working elec-
trodes were then removed �rom the solution and rinsed thoroughly with deionized water 
and ethanol to get rid o� any excess dye �rom the thin flm sur�ace and le�t �or air drying at 
room temperature. The platinum catalyst precursor solution (Platisol-T) was spin-coated 
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on the conducting side o� the cleaned FTO glasses and heated at 450 °C �or 15 min on a 
hot plate to prepare the counter electrodes �or the cells. The dye adsorbed working elec-
trodes and platinum(Pt)-coated counter electrodes were assembled against the coated sides 
o� each other in a sandwich manner using two binder clips with a Surlyn flm (Meltonix 
1170–25 µm, Solaronix) gasket as a spacer in between them. The liquid electrolyte used 
in the �abrication process was poured inside the cell through fne holes pre-drilled on the 
counter electrodes. The red-ox concentration o� the electrolyte was 50 mM. The active area 
o� the cells �or illumination was adjusted to 0.16  cm2.

2.5  Characterization and measurements

X-ray di�raction (XRD) analysis is a technique used �or the determination o� the crystal 
structure o� materials in the nanomaterial, thin-flm, or bulk material �orm. In the XRD 
experiment, a monochromatic X-ray beam is allowed to incident on the sample and the 
di�raction occurs. Constructive inter�erence is obtained �or the glancing angles (θ) cor-
responding to those (hkl) planes only �or which the path di�erence is equal to integral mul-
tiple (n) o� wavelength (λ) o� the X-ray used. This condition is given by Bragg’s equation

where d is the interplanar spacing. The schematic o� the experimental arrangement is 
shown in Fig. 4. The re�ected X-rays make an angle 2θ with the material sur�ace. A typical 
XRD pattern consists o� these re�ection peaks along the y-axis with the di�raction angles 
2θ along the x-axis (Epp 2016, Zhang et al. 2004). In our study, the X-ray di�raction analy-
sis was employed using PAN-analytical X’Pert PRO X-ray di�ractometer (CuKα radiation, 
30 mA, 40 kV, λ = 1.5406 Å) to determine the crystalline structure o� ZnO nanoparticles 
used in making the photoanode o� the DSSC.

Absorbance spectrum measurement o� the dye was carried out using a Perkin-Elmer 
Lambda-35 UV–VIS spectrophotometer. In this measurement, the sample is exposed to 
light within a selected range o� wavelengths. Absorption occurs when the incident pho-
ton energy surpasses the energy gap between the lower energy orbital (highest occupied 
molecular orbital-HOMO) and the higher energy unoccupied orbital (lowest unoccupied 
molecular orbital-LUMO) o� the materials, and then the spectrometer records the signal. 

2 d Sin(휃) = n 휆

Fig. 4  X-ray di�raction at the sample flm sur�ace
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The block diagram o� the UV–VIS spectrophotometer is shown in Fig.  5. (Rocha et  al. 
2018).

Scanning electron microscopy (JEOL) was used to examine the sur�ace morphology o� 
the prepared ZnO thin flms. The current–voltage (J–V) characterization o� the cells was 
measured under 100 mW/cm.2 illumination using a Keithley 2400 digital source meter 
which was controlled by Keithley LabTracer computer so�tware. The overall photoconver-
sion e�ciency o� the solar cell was calculated using the �ormula

where  Pin,  Voc,  Isc and FF denote the incident photon power, open-circuit voltage, the short 
circuit current density and fll �actor respectively. The fll �actor was estimated using the 
�ollowing �ormula:

where  Imax and  Vmax, respectively, represent values o� current and voltage at the maximum 
output power point o� the solar cell. The area o� the �abricated cells that was exposed to 
light was 1  cm2. The electrochemical impedance spectroscopy (EIS) o� the cells was done 
in the �requency range o� 0.1–190 kHz under open circuit conditions.

3  Results and discussion

3.1  UV–VIS absorption spectral analysis of the dye

0.5 mM ethanolic solution o� Rose Bengal dye was prepared and its absorption property 
was studied using Perkin Elmer Lambda–35 UV–VIS spectrophotometer. UV–VIS absorp-
tion spectrum o� the RB dye is shown in Fig.  7a. The value o� λmax obtained �rom the 
absorption spectrum is a very important parameter as it demonstrates the potential o� the 
molecular systems �or signifcant usage as a �unctional material in DSSC. It can observed 
that the Rose Bengal dye absorbs a larger �raction o� the solar spectrum in the visible 

(1)휂 =
Pout

P
in

=
I
sc

V
oc

FF

P
in

(2)FF =
I
max

V
max

I
sc

V
oc

Fig. 5  Schematic o� UV–VIS spectrophotometer
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region o� 460–600 nm and it shows the highest optical absorption at 549 nm wavelength. 
The strong absorption peak may be assigned to the intra-molecular charge trans�er (ICT) 
transitions �rom the donor to acceptor level within HOMO (Highest Occupied Molecular 
Orbital)- (Lowest Unoccupied Molecular Orbital)LUMO energy levels as shown in Fig. 6 
(Sayyed et al. 2016, Singh et al. 2012).

The optical energy gap o� the dye was calculated using Tauc’s relation (Eq. 3) (Sham-
suddin et al. 2017, Ghobadi 2013, Uyanga et al. 2020)

where α is the absorption coe�cient, h휈 is the photon energy, Eg is the optical energy gap 
o� the material and value o� m depends on type o� transition. The value o� m is 2 or 1

2
 �or 

indirect and direct transition respectively. The direct band gap o� the Rose Bengal dye was 
�ound to be 2.19eV  by extrapolating the linear part o� the (αhν)2 versus h휈 plot as shown in 
Fig. 7b. The indirect band gap o� the dye was calculated through extrapolation o� the linear 
portion o� the (αhν)1/2 versus h휈 plot as shown in Fig. 7c (Patni et al. 2020) which indicates 
indirect transition at Eg = 2.13eV .

The HOMO–LUMO direct band gap o� the dye a�ects the electron trans�er �rom the 
LUMO o� the dye molecule to the conduction band o� the ZnO particles. It �acilitates 
the vertical electron transition through the dye excitation (Henson et al. 2013). On the 
other hand, indirect transition is a phonon assited transition where change in momentum 
must be taken into account. When the photons having energy �airly above the indirect 
band gap o� dye molecule is absorbed by the dye electron, phonons get emitted (Seo 
and Ho�mann 1999). As a result the direct band gap is utilized to determine the vertical 
transition during the course o� photosesitization (Nguyen et al. 2013, Prima et al. 2016). 
Hence, the lowest electronic transition, which corresponds to the onset o� absorption in 
the UV–visible absorption spectrum, was used to calculate the optical bandgap. It is the 
energy di�erence between HOMO and LUMO which is caused by the excitation o� elec-
trons �rom HOMO to LUMO.

3.2  Structural and phase characterization ZnO compact layer

The X-ray di�raction pattern o� the ZnO compact blocking layer, shown in Fig.  8a, 
exhibits the hexagonal wurtzite crystal phase o� ZnO and the peaks well match with 
the standard JCPDS card no. 36–1451. The di�raction peaks observed at 2θ values o� 
31.79°, 34.42°, 36.25°, 47.51°, 56.60°, 62.86°, 67.96°, and 69°corresponds to the re�ec-
tion �rom the (100), (002), (101), (110), (103), (112), and (201) lattice planes respec-
tively. Sharp and strong peaks indicate the highly crystalline nature o� the material 

(3)훼h휈 = B(h휈 − Eg)
m

Fig. 6  Possible transition 
mechanism in the Rose Bengal 
molecular system
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(Costantino et al. 1998; Oh et al. 2002). The XRD pattern �or the commercial ZnO nan-
opowder is shown in Fig. 8b. It can be clearly seen that both the commercial ZnO nano-
powder and synthesized ZnO blocking layer showed similar XRD patterns. The XRD 
pattern o� sample with both the blocking and active layer is shown in Fig. 8c. This is 
very similar to the XRD pattern o� the blocking layer. This is because the blocking layer 
is more crystalline in nature, which is evident �rom its XRD pattern with its sharper 
peaks.

3.3  Surface morphology study and energy dispersive spectroscopy 
of the photoanodes

Scanning electron microscopic (SEM) analysis o� the ZnO active layer and the compact 
blocking layer on the FTO substrate was carried out to study the sur�ace morphology 
and the particle size o� the sample. The SEM images o� the ZnO active and blocking lay-
ers on the FTO substrate are depicted in Fig. 9. It can be seen �rom Fig. 9a that the ZnO 
nanoparticles have a hexagonal structure. Figure 9b and c represent the SEM images o� 
compact blocking layer at low and high magnifcations respectively. The diameter o� the 
spin-coated nanoparticles ranges �rom 150 to 180 nm. Further, the chemical composi-
tion and elemental percentage o� the compact ZnO flm are revealed by the Energy Dis-
persive X-Ray Spectroscopy (EDS) analysis which is shown in Fig. 9d. Predominating 
peaks o� Zn and  O2 unveil that the synthesized blocking layer contains pure ZnO.

Fig. 7  a UV–VIS absorption spectra o� Rose Bengal dye b Tauc’s plot �or direct transition and c Tauc’s plot 
�or indirect transition

Fig. 8  X-ray di�raction pattern o� a ZnO compact blocking layer b ZnO nanoparticles as active layer c ZnO 
blocking/active layer
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3.4  Photovoltaic characterization of the cells

The Current–Voltage (J–V) characteristic is a crucial measurement that reveals the 
value o� the overall photovoltaic per�ormance o� a solar cell along with the key per�or-
mance parameters like open circuit voltage and short circuit current density. Figure 10a 
depicts the J–V characteristics o� the DSSCs based on di�erent types o� photoanodes 
used in this study and the obtained photovoltaic parameters �or each o� the cells are 
summarized in Table 1.

Fig. 9  SEM images o� a ZnO NP active layer, b ZnO blocking layer at lower magnifcation, c ZnO blocking 
layer at higher magnifcation and d EDS and Elemental composition o� ZnO blocking layer

Fig. 10  Current–voltage characteristics o� di�erent cells under a illumination b dark
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3.4.1  E�ect o� CDCA

The conventionally prepared DSSC with ZnO nanoparticles and Rose Bengal dye displayed 
a short circuit current density  (Jsc) o� 1.98 mA/cm2, an open circuit voltage  (Voc) o� 0.58 V, 
and a fll �actor (FF) o� 0.43, resulting in a photoconversion e�ciency(η) o� 0.49%. How-
ever, under the same working conditions, the device per�ormance was �ound to be highly 
in�uenced when CDCA solution was incorporated into the dye solution at various concen-
trations. From Table 1, it can be noted that the value o�  Voc, as well as  Jsc, increases with an 
increase in the concentration o� CDCA. Optimum concentration (8 mM) provides the fn-
est dye attachment to the ZnO sur�ace. The best device per�ormance was achieved �or the 
optimized CDCA concentration o� 8 mM when added with 0.5 mM RB dye solution. This 
improvement in the per�ormance may be attributed to reduced dye aggregation along with 
uni�orm dye adsorption yielding better electron injection into the conduction band o� ZnO.

3.4.2  E�ect o� compact ZnO blocking layer

To avoid the direct contact between the FTO and the liquid electrolyte through the pores 
present in the nanocrystalline ZnO flm in a conventionally prepared DSSC, a thin and 
compact layer o� ZnO was employed as shown in Fig. 11. From Table 1 it can be observed 
that the addition o� a compact ZnO blocking layer in DSSC7 with 8 mM CDCA additive 
shows a remarkable enhancement in  Jsc (3.09 mA/cm2) and  Voc (0.66 V) and consequently 
the highest value o� photoconversion e�ciency η (1.22%) was obtained among all the �ab-
ricated cells. Such type o� per�ormance enhancement may be accredited to the consolidated 
e�ect o� improved dye loading due to the addition o� CDCA with proper concentration and 
increased charge collection along with decreased electron recombination at the FTO/ZnO/
electrolyte inter�ace hindering the direct contact between FTO and electrolyte by the block-
ing layer.

3.4.3  Dark current measurement

To explore the e�ect o� CDCA concentration and ZnO blocking layer in the process o� 
electron back trans�er, the J-V characteristics were also measured in the dark which 
is shown in Fig. 10b. It is regarded as a qualitative method to assess the degree o� elec-
tron back trans�er in DSSCs. The dark current generation is known to be partly due to the 

Table 1  Photovoltaic parameters o� DSSCs �abricated with various ZnO photoanodes

Cell name CDCA concentration Jsc (mA/cm.2) Voc(V) FF E�ciency (η %)

DSSC1 0 mM 1.98 0.58 0.43 0.49
DSSC2 2 mM 2.08 0.61 0.58 0.74
DSSC3 4 mM 2.18 0.62 0.60 0.81
DSSC4 6 mM 2.36 0.63 0.58 0.86
DSSC5 8 mM 2.80 0.64 0.56 1.00
DSSC6 10 mM 2.63 0.64 0.54 0.91
DSSC7 8 mM + BL 3.09 0.66 0.60 1.22
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presence o� exposed FTO sites having direct contact with the liquid electrolyte and the 
pores le�t between the ZnO nanoparticles and the FTO sur�ace (Yang et  al. 2014; Yeoh 
and Chan 2019). These exposed FTO sites and the pores o� ZnO nanoparticle flm would 
allow the liquid electrolyte to penetrate through ZnO flm and directly come in contact with 
bare FTO sites resulting in recombination losses as shown in the energy band diagram �or 
conventional ZnO NP based DSSC in Fig. 12a. It can be observed �rom Fig. 10b that �or 
a particular value o� the voltage on the X-axis (i.e. voltage axis) o� the dark current char-
acteristics, the corresponding Y-axis value (i.e. value o� dark current) is lowest �or DSSC7 
�or that particular voltage. It can also be seen that the dark current has the highest value 
�or conventionally prepared cell (DSSC1) with bare FTO and decreases with an increase 
in CDCA concentration up to 8 mM. An enlarged plot o� the dark current characteristics is 
provided as an inset in Fig. 10b so that a clear scenario is observed. For the cell (DSSC7) 
with compact ZnO BL and 8 mM CDCA solution as dye co-adsorbent, the dark current 
is reduced signifcantly �or the same bias potential in comparison to all other cells. This 

Fig. 11  Schematic diagram o� a DSSC with compact ZnO blocking layer

Fig. 12  Schematic diagram showing inter�acial charge trans�er and recombination in case o� DSSCs a with-
out ZnO BL b with compact ZnO BL
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demonstrates that the compact ZnO BL reduces the bare FTO site and thereby success�ully 
suppresses the dark current by lowering the electron back trans�er. It was also observed that 
the DSSC7 has the slowest rate o� increase o� dark current with an increase in bias voltage 
confrming excellent suppression o� electron recombination and consequently reduced cur-
rent loss.

The variations o� di�erent cell parameters with the concentration o� CDCA solution �or 
the �abricated DSSCs are depicted in Fig. 13. It can be observed that CDCA concentration 
highly in�uences the value o�  Jsc. ZnO BL improves the current �urther. A small increase in 
the values o�  Voc and FF can also be noted �rom Fig. 10 due to these processes. The highest 
values o� cell parameters were obtained �or the cell DSSC7.

3.5  Electrochemical impedance spectroscopy study

To �urther gain an insight into the in�uence o� CDCA concentration and the coating o� 
compact ZnO blocking layer on the charge trans�er and recombination kinetics o� the pre-
pared devices, the DSSCs were �urther investigated by electrochemical impedance spec-
troscopic (EIS) measurement in dark under  Voc bias voltage with 10 mV AC perturbation 
amplitude. This gives a more precise understanding o� the limiting �actors �or the cell per-
�ormance parameters. In the EIS measurement done under the dark condition and with an 
applied bias voltage, electrons �rom FTO are injected into the conduction band o� ZnO 
and then transported through the ZnO network. Some o� the injected electrons recombine 
with the  I3

− ion present in the electrolyte giving rise to the recombination phenomenon 
(Liu et  al. 2018). Figure 14a shows the Nyquist plot o� all the prepared cells exhibiting 
two obvious semicircles. The curves are ftted using the equivalent circuit shown in the 
inset o� Fig.  14a and the EIS measurement results obtained in terms o� resistances and 
capacitances are summarized in Table 2. The charge trans�er resistance  (Rpt) and double 
layer capacitance  (Cpt) at the Pt counter electrode/electrolyte inter�ace is responsible �or 
the frst semicircle in the high-�requency range, while the second semicircle in the mid-
�requency range may be assigned to the charge trans�er and recombination resistance  (Rrec) 

Fig. 13  E�ect o� CDCA concentration and ZnO blocking layer (BL) on di�erent cell parameters



Efect o� chenodeoxycholic acid as dye co‑adsorbent and ZnO…

1 3

Page 15 of 20   391 

and chemical capacitance (C) at the ZnO/dye/electrolyte inter�ace (Li et al. 2011, Mazloum 
et al. 2019, Zhao et al. 2017). The intercept at the real axis o� the Nyquist plot represents 
the series resistance  (Rs) o� FTO and other ohmic contacts like connecting cables, clamps 
and clips used to connect the cells �or measurement. (Ondersma and Hamann 2010; Chou 
et al. 2019).

The small semicircles in the high-�requency range are almost identical indicating nearly 
similar values o�  Rpt �or all �our kinds o� cells as all o� them have similar Pt counter elec-
trodes and the same electrolyte. On the contrary, a substantial dissimilarity can be observed 
in large semicircles in the mid-�requency range. This indicates that the charge transport 
and recombination behaviour at the ZnO/dye/electrolyte inter�ace was extensively a�ected 
due to working electrode modifcation by the addition o� CDCA and incorporation o� the 
blocking layer. The middle arc o� the Nyquist plot �or the conventionally prepared DSSC 
has the lowest diameter indicating the lowest recombination resistance  (Rrec) and thus rep-
resenting the highest recombination process among all the cells. The diameter is evidently 
larger �or the CDCA treated cells indicating its positive role in increasing the recombina-
tion resistance and hence lowering the recombination phenomena. It can be observed �rom 
Table  2 that the recombination resistance increases in the order o� DSSC1 < DSSC2 < D
SSC3 < DSSC4 < DSSC6 < DSSC5 < DSSC7 indicating that the recombination resistance 
increases with an increase in CDCA concentration �rom 0 to 8 mM and decreases at 10 mM 

Fig. 14  EIS o� the DSSCs representing a Nyquist plot along with equivalent circuit (inset) and b Bode plot

Table 2  Parameters obtained �rom EIS measurement

Cell name CDCA concentration Rs (Ω) Rpt (Ω) Rrec (Ω) Peak �req. �(Hz) Electron 
li�etime (τe) 
(ms)

DSSC1 0 mM 17.15 6.51 40.2 34.21 4.65
DSSC2 2 mM 17.23 6.55 48.8 22.13 7.19
DSSC3 4 mM 17.05 6.46 65.4 17.05 9.34
DSSC4 6 mM 17.12 6.23 75.2 15.62 10.94
DSSC5 8 mM 17.36 6.65 87.6 11.03 14.45
DSSC6 10 mM 17.29 6.37 81.4 13.13 12.13
DSSC7 8 mM + BL 19.23 6.39 102.7 6.54 24.35
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concentration. The larger  Rrec value indicates it is more di�cult to trans�er the injected 
electrons �rom the ZnO back to the electrolyte, and thus the back recombination can be 
suppressed in the cell, thus giving a higher  Jsc and  Voc. The highest value o� recombination 
resistance is obtained when the optimum CDCA concentration (8 mM) is combined with 
the ZnO blocking layer in DSSC7 leading to the highest  Jsc and  Voc o� 3.09 mA/cm2 and 
0.66 V respectively and consequently best device per�ormance. The highest recombination 
resistance is obtained �or the cell with the blocking layer as the blocking layer prevents the 
injected electrons to come in direct contact with the electrolyte and consequently reduces 
the direct capture o� electrons by the  I3

− ions o� the electrolyte. Furthermore, the CDCA 
addition with optimum concentration and blocking layer increases the number o� electrons 
accumulated in the conduction band o� ZnO which led to increased electron density. This 
creates a small shi�t o� Fermi level �or the electrons present in the ZnO. This rise in Fermi 
level slightly improves  Voc which can also be observed �rom Table 1 (Li et al. 2011; Wei 
et al. 2015).

Apart �rom recombination resistance, the second semicircle also provides in�ormation 
about the electron li�etime in the conduction band o� ZnO which gives the measure o� the 
rate at which the recombination reaction occurs. This li�etime is inversely proportional to 
the oscillation �requency at which the peak on the second arc is obtained. But, since, the 
�requency in�ormation is missing in the Nyquist plot; the electron li�etime can be calcu-
lated �rom the phase bode plot using the �ormula

where fpeak represents the peak �requency o� phase Bode plot in the mid-�requency range as 
shown in Fig. 14b. A shi�t in the peaks may be observed in the Bode plots o� the DSSCs 
prepared �ollowing di�erent procedures. Shi�ting o� peak �requency towards lower �re-
quency represents longer electron li�etime (τe) and slower recombination process. The cal-
culated electron li�etimes �or all the cells are summarised in Table 2. The highest electron 
li�etime o� 24.35 ms is obtained �or the cell �abricated with 8 mM CDCA concentration 
along with ZnO compact blocking layer (DSSC 7). The increased electron li�etime due 
to CDCA and blocking layer e�ectively enhances the photoconversion e�ciency (PCE) 
which is in good agreement with the results obtained �rom J-V measurement. The reduced 
dye aggregation in presence o� CDCA and inhibition o� electron recombination by the 
blocking layer may be accounted �or this.

4  Conclusion

E�ects o� co-adsorption o� CDCA and ZnO blocking layer were investigated in Rose Ben-
gal dye based DSSCs. The sur�ace, photovoltaic and electrochemical properties o� all the 
cells were extensively studied. The strong binding o� CDCA molecules to the ZnO sur�ace 
partially displaces dye molecules and consequently reduces photon harvesting. Excessive 
CDCA concentration implies signifcantly reduced dye attachment to the ZnO sur�ace lead-
ing to decreased amount o� light energy absorption. There�ore, to maximize the positive 
e�ect o� the co-adsorbent, it is very crucial to care�ully optimize the amount o� CDCA. 
The amount o� CDCA has been optimized by adjusting its concentration in the dye solution 
and �ound that the best device per�ormance was obtained �or 8 mM concentration. At opti-
mized co-adsorbent concentration, the reduced dye loading due to the presence o� CDCA 

(3)휏e =
1

2휋fpeak
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and consequently decreased light-harvesting was compensated by the increased electron 
injection e�ciency leading to maximum device e�ciency o� 0.97%. The per�ormance was 
�urther increased �rom 1.00 to 1.22% when a compact ZnO blocking layer was added to 
the FTO be�ore depositing the mesoporous ZnO active layer. This was due to the suppres-
sion o� electron back trans�er �rom the FTO to the liquid electrolyte. These results indicate 
that the addition o� CDCA as a dye co-adsorbent and the introduction o� ZnO blocking 
layer is an e�ective way to boost the per�ormance o� Rose Bengal dye based DSSCs. The 
e�ciency o� the �abricated cells is low as the dye used in this study is rose bengal. Though 
the e�ciency is low here compared to the ruthenium based cells, it lies in the range o� e�-
ciency o� rose bengal dye based DSSCs obtained by other researchers. Higher e�ciencies 
can be obtained by using high per�ormance ruthenium dye.
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A B S T R A C T
In this paper, we have reported the improvement o� electro-optical per�ormance o� dye sensitizedsolar cells based on highly porous WO3 nanoparticles as photoanode by an ultrathin coating o� ZnOnanoparticles with varying precursor solution concentration over WO3 sur�ace and the results werecompared with the per�ormance o� a Dye Sensitized Solar Cell (DSSC) �abricated with bare WO3photoanode. The semiconducting material WO3 was chosen in search o� a photoanode material �orDSSC alternative to TiO2. But the per�ormance o� pure WO3 based DSSC was �ound to be extremelypoor in spite o� having several advantageous properties. To improve the photovoltaic per�ormance,we have coated the WO3 sur�ace with varying concentrations o� the ZnO precursor solution. It wasobserved that the concentration o� the precursor solution o� ZnO highly controls the per�ormance o�the DSSC. From the electrochemical measurements, it was �ound that the bareWO3 cell sufers highelectron recombination. But the coating o� an ultrathin layer o� ZnO over the WO3 sur�ace in-troduces an energy barrier and reduces the electron recombination and thereby enhances the cellper�ormance. The solar cell energy conversion e�ciency was �ound to be highest �or 5 mM ZnOprecursor solution concentration and it decreases with the increase in concentration �urther andbecomes very low at a concentration o� 25 mM. This may be attributed to the poor dye adsorptionon the WO3 sur�ace due to complete screening by the thicker ZnO layer.

1. Introduction
Increasing energy demand and environmental contamination are the two major problems �aced by the society in recent years. Themajor energy requirements o� the world are �ul�lled by �ossil �uels (i.e., coal, petroleum and natural gas), which may not be su�cientto overcome the energy crisis in the �uture due to �ast depletion, the rapid development o� industrialization and environmentalpollution [1–4]. To address these issues, scientists have �ocused on renewable and environment-�riendly energy sources. As Sunrepresents an immense source o� renewable energy, expected to provide an appreciable amount o� power in the �uture, it is the mostwidespread type o� alternative energy source among all the renewable energy sources [5–7]. Dye-sensitized solar cells, an un-conventional photoelectrochemical device that directly converts photo-energy into electrical energy, have drawn much more at-tention than conventional silicon solar cells due to their easy �abrication technique, the low-level requirement o� the high-tem-perature process, cost-efectiveness and environment-�riendly nature [8,9]. But until now, DSSCs are not commercially viable as thereason �or their comparatively low conversion e�ciency and stability issues compared to the silicon-based solar cells [10].
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Photo anode, the heart o� a DSSC system plays a key role in enhancing the overall per�ormance o� the DSSC by trans�erringelectrons and supporting the Dye molecules [11]. It consists o� a nanostructured mesoporous semiconductor �lm deposited on aconducting glass or a �exible substrate [12,13]. An ideal photoanode material should have some properties o� high charge carriermobility, signi�cantly high sur�ace areas, environmental �riendliness, cost-efectiveness, and comparatively less electron-hole re-combination rate. The band edge positions and corresponding band gap values o� several commonly used wide bandgap metal oxidesemiconductors are shown in Fig. 1 [14,15]. The semiconducting oxide material TiO2 is mostly used as a photoanode because o� itsexcellent optical, electrical and chemical properties [16–19]. Although appreciably high conversion e�ciency is achieved with TiO2,its low electron mobility leads many scientists to think about new alternative photoanode materials �or better per�ormance o� Dyesensitized solar cells [20]. On the other hand, WO3, a wide bandgap semiconductor having bandgap in the range o� 2.6 eV–3.1 eV hasbeen used extensively in the �abrication o� gas sensors, water splitting and photocatalyst [21]. Owing to the �avorable bandgap, highelectron mobility and extreme stability in harsh environments, it has attracted the attention o� researchers as an alternative pho-toanode material �or DSSC �abrication. Moreover, the nonreactive nature o� WO3 in acidic environments may provide the solution o�long-term stability issues in DSSCs with more acidic electrolytes. However, DSSCs based on pure WO3 photoanode have been provento be ine�cient. On the other hand, DSSCs based on sur�ace modi�ed WO3 photoanode by ultrathin layer o� TiO2 exhibited sig-ni�cant increase in power conversion e�ciency [22]. ZnO can be used as a substitute �or TiO2 due to its agreeable properties in theview o� high electron mobility and abundant nanostructure morphologies [23–25]. To the best o� our knowledge, however, there areno detailed reports �ound in which sur�ace modi�cation o� WO3 is done by an ultrathin layer o� ZnO in the �abrication o� DSSCs. Inthis work, we have prepared the WO3 photoanode and a �acile sol-gel spin coating technique was utilized to alter the sur�ace propertyo� it by a thin layer o� ZnO. Very care�ul control o� the thickness o� the ZnO layer is necessary to get the optimum per�ormance out o�the solar cell and �or this purpose diferent concentration o� ZnO precursor solution was used.
2. Materials and method
2.1. Preparation of working electrodes

All the reagents used in the �abrication process were o� analytical grades. So no �urther puri�cation was required. To prepare thethin �lms o� the photoanode materials, the ITO coated glass substrates were �rst cleaned with dilute HCl in an ultrasonic bath �or 15min and then thoroughly rinsed with deionized water to remove the HCL residues. Then the substrates were cleaned with acetone andethanol using an ultrasonic cleaning bath [26].The working electrode o� the DSSC was prepared by �ollowing the standard doctor blade method. The WO3 paste �or doctorblading was prepared by mixing WO3 nanopowder with terpineol as solvent and ethyl cellulose as a binder and stirred continuouslyin order to obtain a smooth lump-�ree slurry. The WO3 paste was then coated on the conductive side o� the cleaned ITO glass substrateand subsequently annealed at 500 °C �or 2 h in order to burn out the terpineol and ethyl cellulose contents o� the working electrode

Fig. 1. Band positions o� several semiconductors.
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and strengthens the bonding between the substrate and the WO3 �lm. In addition to this, the annealing procedure also helps toimprove the sur�ace quality o� the thin �lm along with increasing the crystallinity o� the sample [22].The Sol-Gel spin-coating technique was employed to deposit thin layers o� ZnO onto the sur�ace o� the as-prepared WO3 photo-anode. Zinc acetate dihydrate (CH3COO) 2 Zn, 2H2O, (98 %Merck) was mixed with acetone at diferent molar ratios to obtain desiredconcentrations o� ZnO precursor solution. The prepared solutions were then mixed extensively in an ultrasonic bath �or 2 h and thenspin-coated on the WO3 coated substrate using a programmable spin coater (Apex Instruments Co. Pvt. Ltd, Model SpinNXG-P1) at2000 rpm �or 30 s. The thickness o� the ZnO �lm can be controlled by varying the precursor solution concentration. In our experimentwe have prepared 1 mM, 5 mM, 10 mM, 15 mM, 20 mM, and 25 mM solutions o� ZnO precursor and spin-coated them over WO3 �lmkeeping the number o� sol drops unchanged in order to obtain various ZnO �lm thickness and study the efect on the solar cellper�ormance. The ZnO coated WO3 electrode was annealed at 450 °C �or 1 h. All the electrodes were sensitized by immersing them ina 0.3 mM ethanolic solution o� Ruthenium based dye (C26H20O10N6S2Ru) known as N3 (Solaronix) �or 48 h. The working electrodeswere then removed �rom the solution and thoroughly rinsed with deionized water and ethanol to remove any excess dye �rom thesemiconductor �lm sur�ace and air-dried at room temperature.The counter electrodes o� the cells were prepared by spin coating the platinum catalyst precursor solution Platisol-T (Solaronix)on the conducting side o� the cleaned ITO coated glasses and heating on a hot plate at 450 °C �or 15 min.The dye adsorbed working electrode and Pt- coated counter electrode was assembled against the coated sides o� each other in asandwich manner using two binder clips with a Surlyn �lm (Meltonix 1170−25 μm, Solaronix) gasket as a spacer in between them.The liquid electrolyte used in our experiment was a Solaronix high-per�ormance electrolyte (Iodolyte AN50) with iodide/tri-iodide asredox couple, ionic liquid, lithium salt and pyridine derivative as additives dissolved in acetonitrile solvent. The redox concentrationo� the electrolyte was 50 mM. The active area o� the cells �or illumination was determined by employing a black mask o� aperture size0.25 cm2.
2.2. Characterization and measurements

The crystalline structure o� the WO3 and ZnO were analyzed with the help o� X-ray difraction analysis using the PAN-analyticalX’Pert PRO X-ray difractometer (CuKα radiation, 30 mA, 40 kV, λ=1.5406 Å). Scanning electron microscopy (JEOL) was done toreveal the sur�ace morphology o� the prepared thin �lms. More detailed structural in�ormation o� the samples was obtained �romRaman Spectroscopy. The Photocurrent-Voltage (I–V) characteristics data o� the cells were recorded using Keithley 2400 digitalsource meter with the help o� a computer under 100 mW/cm2 illumination (Xenon lamp 450 W). HIOKI Impedance Analyzer in the�requency range o� 0.1 Hz to 190 kHz was used to study the electrochemical impedance spectra o� the cells.
3. Results and discussion
3.1. Structural and phase characterization WO3 of the photoanode

Fig. 2 shows the X-ray difraction pattern o� the as-purchased WO3 nanopowder. The XRD pattern exhibits the coexistence o� boththe monoclinic and orthorhombic crystal phases. The peaks corresponding to the monoclinic phase well matches with the standardJCPDS card no. 43-1035 and the orthorhombic phase matches with JCPDS card no. 20-1324. Sharp and strong peaks signi�y the highcrystalline nature o� the sample [27,28].

Fig. 2. X-ray difraction pattern o� WO3 nanoparticles. The peaks correspond to Monoclinic (*) and orthorhombic (▪) phases o� WO3 respectively.
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The crystal phases are �urther con�rmed by Raman spectra o� the pure WO3 powder, which is shown in Fig. 3 and it consists o�well-resolved �our sharp Raman peaks at 274, 329, 719 and 807 cm−1. The lower peaks centered at 274 cm−1 and 329 cm−1attributed to OWO�� bending vibrations and the higher peaks at 719 cm−1 and 807 cm−1 are due to WOW�� stretching modevibration [29]. Sharp peaks suggest pro�oundly crystalline nature o� the sample. All �our Raman peaks attribute to the monoclinicphase [30]. However, the Raman peaks corresponding to the orthorhombic phase lie neighboring to the peaks mentioned above.Consequently, both phases are believed to be present in the sample. No impurity was �ound in the Raman spectra o� the pure WO3sample.
3.2. Surface Morphology study and energy dispersive spectroscopy of the photoanodes

Scanning Electron Microscopy was employed to investigate the sur�ace morphology o� the pure and ZnO coated WO3 photo-anodes. Fig. 4(a) shows the SEM image o� pure WO3 photoanode on the FTO substrate whereas Fig. 4(b–g) show the SEM images o�WO3 photoanodes coated with 1 mM, 5 mM, 10 mM, 15 mM, 20 mM and 25 mM concentrations o� ZnO precursor solution con-centrations respectively. Highly porous �lms with nearly spherical shape WO3 nanoparticle having a diameter in the range o� 140nm–150 nm can be clearly seen �rom the SEM images. High porosity the �lm enhances the sur�ace to volume ratio, consequentlyincreasing the dye loading amount resulting in high photocurrent [31–34]. It can also be observed �rom the SEM images that thesur�ace morphology o� uncoated and ZnO coated WO3 substrate are not so visually diferent �or low ZnO precursor concentrations,but �or higher concentrations like 20 mM and 25 mM, the screening o� WO3 sur�ace by ZnO nanoparticles may be evidently observedin Fig. 4(�) and 4 (g).The EDS spectrum, which reveals the elementary analysis are shown in Fig. 4(h) and (i) �or bare WO3 and the WO3 sur�ace coatedwith 5 mM ZnO precursor solution concentration respectively. Predominating peaks o� W and O2 in Fig. 4(h) unveil that the samplecontains only WO3 whereas in Fig. 4(i) additional strong peak o� Zn con�rms the presence o� ZnO coating over WO3.

Fig. 3. Raman spectra o� WO3 nanoparticle.
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Fig. 4. SEM images o� (a) Bare WO3 photoelectrode; photoelectrodes having WO3 coated with (b) 1 mM (c) 5 mM (d) 10 mM (e) 15 mM (�) 20 mMand (g) 25 mM ZnO precursor solution respectively. (h) EDS o� Bare WO3 and (i) EDS o� WO3 coated with 5 mM ZnO.
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3.3. Photovoltaic (Current-Voltage) characterization of the cells
The Current-Voltage characteristic is a crucial characterization to investigate the overall photovoltaic per�ormance o� a solar cell.Fig. 5(a) illustrates the I–V characteristics o� the seven DSSCs based on pure and coated WO3 as photoanodes with diferent precursorsolution concentrations. The overall photoconversion e�ciency o� the solar cell is given by

(1)
Where Voc, Isc, Pin, and FF represent open-circuit voltage, the short circuit current density, Fill �actor and incident light powerrespectively. The �ll �actor is calculated by the �ormula

(2)
Where Vmax and Imax are the voltage and current corresponding to the maximum output power point o� the solar cell respectively. Thephotovoltaic parameters like Short circuit current density, Open circuit voltage, Fill �actor and the e�ciency obtained �rom the I–Vcurve are summarized in Table 1.

A clear enhancement in the e�ciency and �ll �actor due to the presence o� ZnO on the WO3 sur�ace compared to the bare WO3electrode can be observed �rom Table 1. The �ll �actor, which represents the squareness o� the I–V curve [35], is very low �or bareWO3 which in turn decreases cell e�ciency. The low �ll �actor may be attributed to the high recombination rate o� electrons �or bareWO3 photoelectrode DSSC. However, a signi�cant improvement in the value o� Jsc can be noted �rom Table 1 upon ZnO coating overthe WO3 sur�ace which demonstrates the positive role o� the ZnO layer in reducing the recombination process. The DSSC with 5 mMZnO precursor solution concentration yielded the highest short circuit photocurrent JSC and e�ciency η. But the photocurrent and thee�ciency start �alling sharply with a �urther increase in the precursor solution concentration.The maximum value o� open-circuit voltage is determined by the diference between the Fermi level o� the photoanode (metaloxide) material and the red-ox potential o� the liquid electrolyte [36]. WO3 is known to possess a lower conduction band edge (Ecb)i.e. more positive Ecb thereby reducing the open-circuit voltage (Voc). However, employing an ultrathin layer o� more Ecb negativemetal oxides like ZnO onto WO3 sur�ace may increase the value o� Voc as the photogenerated electrons �rom LUMO o� dye moleculesare now injected to the more negative conduction band o� ZnO and then step down to the conduction band o� WO3which is illustratedin Fig. 6(b).

Fig. 5. Current-voltage characteristics o� diferent cells under (a) Illumination and (b) Dark.

Table 1Photovoltaic per�ormance o� uncoated and ZnO coated WO3 photoanode based DSSC.
ZnO precursor solution concentration Jsc (mA/cm2) Voc(V) FF E�ciency (η %)
Pure WO3 2.65 0.42 0.39 0.441 mM ZnO 2.98 0.53 0.63 1.075 mM ZnO 3.58 0.55 0.62 1.2110 mM ZnO 2.32 0.56 0.62 0.8015 mM ZnO 1.15 0.56 0.60 0.3820 mM ZnO 0.68 0.57 0.38 0.1525 mM ZnO 0.32 0.58 0.47 0.09
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Furthermore, the energy barrier created due to the incorporation o� ZnO onto the WO3 �lm sur�ace may prevent the charge carrierrecombination and as well as decreasing back trans�er o� electrons to the HOMO o� the dye molecule. Aside �rom this, the ultrathinlayer o� ZnO incorporation on the WO3 sur�ace �acilitates the amount o� dye adsorption and hence increasing the amount o� photonabsorption resulting in higher Jsc.The dark current measurement was done in order to interpret the variation o� charge recombination reaction o� the photo-generated electrons with I3− ions at the Pt coated counter electrode/red-ox electrolyte inter�ace. Fig. 5(b) shows the dark J–Vcharacteristics o� the DSSCs �abricated with uncoated and coated with diferent concentrations o� the ZnO precursor solution. Thephotoelectron injection �rom LUMO o� dye to the CB o� the working electrode is completely absent in the dark condition and hencethe dark current is mainly due to the difusion o� electrons �rom semiconductor to the redox electrolyte [37]. Ultrathin coating o� ZnOlayer on the WO3 sur�ace decreases the dark current which can be observed in dark current characteristics in Fig. 5(b). On the otherhand, the uncoated WO3 possesses a higher dark current �or a particular bias voltage. This may be due to the �act that poor dye

Fig. 6. Schematic energy level diagram and mechanism o� the (a) Conventional DSSC and (b) DSSC with the ZnO barrier.

Fig. 7. Efect o� ZnO precursor solution concentration on the values o� photovoltaic parameters (a) JSC (b) FF (c) Voc and (d) η.
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loading capacity o� WO3 allows more direct contact between WO3 sur�ace and liquid electrolyte. This �acilitates the back trans�er o�electrons �rom WO3 to electrolyte via reduction o� I3- into I- which led to increased dark current [22]. But the coating o� ZnO createsan energy barrier that efectively reduces the rate o� electron recombination thereby decreasing the dark current, consequentlysuppressed recombination o� charge carriers due to ZnO coating increases cell FF. In addition to that, a very thin coating o� ZnO alsoimproves the dye loading which enables the ZnO treated WO3 DSSC to harvest more light energy compared to ordinary WO3 DSSCand signi�cantly enhances current density. However, with the increase in the ZnO precursor concentration o� more than 5 mM, thevalues o� FF and Jsc start decreasing. This decrease in Jsc and FF might be due to the �act that thicker ZnO layer completely screensWO3 �rom dye molecules. Moreover, a higher amount o� ZnO content act as recombination sites [38]. Apart �rom this, an increasedamount o� ZnO deposition via increasing the ZnO precursor solution concentration promotes aggregation o� Zn+2 ions and N3 dyewhich may decrease the photocurrent due to light loss due to absorption and scattering o� light by these aggregates [39–41].Fig. 7 shows the variation o� DSSC per�ormance parameters as a �unction o� ZnO precursor solution concentration. The values o�Jsc, FF, and η enhanced signi�cantly �or the cells with ultrathin ZnO nanoparticles coating as compared to the cell with bare WO3nanoparticle thin �lm. The best per�ormance was obtained with 5 mM ZnO solution concentration with values o� cell parameters likeJsc, Voc, FF, and η as 3.56 mA/cm2, 0.55 V, 0.62 and 1.21 % respectively.
3.4. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy was per�ormed to �urther explore the inter�acial charge transport properties and re-combination resistances �or a better understanding o� the cell parameters. The EIS measurement was carried out at Voc bias voltageand applying an AC voltage o� 10 mV amplitude to the DSSC under 1 sun illumination in the �requency range 0.1 Hz to 190 kHz. TheNyquist plot o� the diferent DSSCs �abricated using bare WO3 and with a coating o� diferent concentrations o� ZnO onto it aredepicted in Fig. 8(a). Usually, a typical Nyquist plot consists o� three semi-circles. The �rst semicircle in the high-�requency range isattributed to the charge transport resistance at the Pt counter electrode/ electrolyte inter�ace, while the second semicircle in the mid-�requency range represents the recombination resistance at the semiconductor/dye/electrolyte inter�ace. The third semicircle isassociated with Nernst difusion (Warburg difusion impedance Zw) which is the impedance �aced by the electrons during difusionthrough the electrolyte [39]. However, in our case only two semicircles are present as the third semicircle is usually observed at�requencies below 0.1 Hz [42]. The intercept o� the 1st semicircle on the real axis o� the Nyquist plot in the high-�requency rangerepresents the sheet resistance o� FTO and other ohmic contact resistances (Rs) o� the assembled cells. The capacitive components C1& C2 in the equivalent circuit are due to the �ormation o� charge double layer between the counter electrode/electrolyte andsemiconductor/dye/electrolyte inter�aces respectively [43]. The equivalent circuit, shown in the inset o� Fig. 8(a) is used to �t theexperimental Nyquist plot and the obtained EIS parameters are represented in Table 2. The value o� contact resistance (Rs) is almostthe same �or all the coated cells except the bare WO3 cell. The increase in the value o� Rs in ZnO coated cells may be due to theincrease in the number o� layers. The value o� recombination resistance (R2) is very low �or bare WO3. But a gradual increase in R2with an increase in ZnO precursor concentration may be observed in Fig. 8(a) and Table 2. The highest value o� R2 is observed �or 5mM ZnO concentration as this much concentration provided the highest amount o� dye adsorption without afecting the carriertransport through WO3 thereby generating the highest number o� charge carriers and also reducing the charge carrier recombinationat the semiconductor/due/electrolyte inter�ace.Further increase in ZnO concentration starts decreasing R2 due to poor dye loading on the WO3 sur�ace. Along with that presenceo� recombination sites �or the �ree charge carriers in the thick layer o� ZnO (38). Thick ZnO layer also makes the thickness o� the �lmsuch a high that it becomes greater than the difusion length o� the electrons. This decreases the net photocurrent reaching the FTOand lowers the cell per�ormance. The highest value o� chemical capacitance C2 also re�ects the trans�ormation o� a higher amount o�photon energy into chemical energy [44,45]. To estimate the charge carrier li�etime, the Bode plot representing variation in phaseangle (θ) with �requency (�) �or varying amounts o� ZnO concentration is depicted in Fig. 8(b). The electron li�etime is calculated

Fig. 8. Electrochemical Impedance Spectra o� the DSSCs (a) Nyquist plot along with equivalent circuit (inset) (b) Bode plot.
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using �ormula [46–49],
(3)

Where �max represents the characteristic peak �requency o� the Bode plot in the mid-�requency range. The lower value o� �max isassociated with a higher electron li�etime. The DSSC with 5 mM ZnO coating has the lowest value o� �max leading to the highestli�etime o� photogenerated electrons. This enhancement in electron li�etime reduces the recombination process leading to the highestphotocurrent among the seven �abricated cells in our study. These results are in accordance with the results obtained �rom J–Vcharacteristics under illumination and dark.
4. Conclusion

In this study, we have �abricated DSSCs based on WO3 as an alternative photoanode material. The DSSC showed an e�ciency o�0.44 % with a low FF o� 0.39. This was due to very high recombination rates o� photoexcited electrons along with poor dye loadingdue to the highly acidic sur�ace o� WO3. Apart �rom that, the lower conduction band edge position o� WO3 limits the open-circuitvoltage o� the DSSC. In order to improve the per�ormance o� WO3 based DSSC, the efect o� inclusion o� the ZnO thin layer on thesur�ace o� WO3 was studied. The current density (J) – voltage (V) characteristics o� the prepared cells were compared and a clearenhancement o� cell e�ciency was recorded upon ZnO coating and the highest e�ciency was achieved �or 5 mM concentration.Although the incorporation o� a thin layer o� ZnO onto WO3 enhances the power conversion e�ciency by creating an energy barrierand limiting the electron back-recombination, the thicker layer o� ZnO degrades the cell per�ormance by �orming an aggregation o�Zn+2 ions and N3 dye and reducing the dye adsorption quantity o� WO3 �lm. This suggests an optimum concentration �or ZnO to bedeposited over WO3 �lm to achieve the highest e�ciency. The improvement o� the value o� Voc due to ZnO coating was attributed tothe upward shi�t in CB o� WO3. Apart �rom J–V characteristics study under illumination and dark, EIS measurement was alsoper�ormed. It was �ound that the cell with 5 mM o� ZnO over WO3 �lm has the highest recombination resistance which e�cientlysuppresses the electron recombination rate and as result, the li�etime o� photogenerated electrons is also highest. The decrease in thephotoconversion e�ciency with �urther increase in ZnO concentration above optimum value is due to the complete screening o� WO3�lm by a thicker layer o� ZnO. There�ore, the novel method used here to modi�y the sur�ace property o� the WO3 photoelectrode o�DSSC is �ound to be promising to enhance the cell per�ormance and thereby develop an e�cient WO3 based Dye sensitized Solar cell.
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Abstract—Liquid electrolyte based Dye-Sentisized Solar Cells (DSSC) often suffers stability problems which
limit its durability. The stability of the dye-sensitized solar cell is enhanced with the use of gel electrolyte
instead of liquid electrolyte in this paper. A detailed effective fabrication method of the DSSC based on gel
electrolyte has been presented here. In this approach, the gel-state electrolyte solution was prepared by mixing
the traditional liquid-state electrolyte with ethyl cellulose as a gelator and was placed into the DSSC in its
quasi-solid state. The prepared gel state electrolyte showed appreciable conductivity, which is comparable to
those of traditional liquid electrolytes by Electrochemical impedance analysis. The gel electrolyte based
DSSCs exhibited a considerable power-conversion efficiency of 1.29% and enhanced stability compared to
the traditional liquid electrolyte based DSSC.

Keywords: dye-sensitized solar cells, electrochemical impedance spectroscopy, gel electrolyte, I–V charac-
teristics, liquid electrolyte, stability
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INTRODUCTION
Due to increasing energy demand, polluting envi-

ronment, and the rising price of non-renewable fuel
sources, scientists are constantly thinking of new ways
to find pollution-free renewable energy [1]. The natu-
ral resources that can renew itself over time are called
renewable energy sources [2]. It is believed that solar
energy would be the main source of alternative energy
[3]. Conventional Crystalline and polycrystalline sili-
con solar cells have attained energy conversion effi-
ciency of over 20%, but due to their complicated and
difficult fabrication process and high cost [4], people
have started to think about its alternative. Grätzel and
co-workers first reported Dye-Sentisized Solar Cells
(DSSC)s as a useful substitute for conventional solar
cells [1], and subsequently, a huge interest has been
developed for DSSCs because of its easy fabrication
technique and low cost [5].

The various components of a DSSC are f luorine-
doped tin oxide (FTO) electrode coated with porous
TiO2 nanoparticles, dye sensitizer, a platinum-coated
counter electrode, and an electrolyte containing red-
ox mediator [6]. A schematic diagram of the construc-
tion and operating principle of a dye-sensitized solar
cell is shown in Fig. 1a,b, respectively. The photons
are absorbed by the dye sensitizer molecules and the
electrons are excited from the HOMO to LUMO state.
Then photogenerated electrons from the sensitizer are
injected into the TiO2 nanostructures and transported

through the external circuit. Subsequently, electrons
from the electrolyte are transferred to the dye sensi-
tizer and the oxidized dye is restored. The transported
electrons are accepted by the electrolyte through the
platinum-coated counter electrode, and the electro-
lyte gets regenerated [7].

Photo anode of a DSSC performs a vital role in
determining the overall performance of the DSSC by
transporting electrons and supporting the Dye mole-
cules [8]. The semiconducting oxide material TiO2 is
mostly used as a photoanode because of its excellent
optical, electrical, and chemical properties [9–12].
Although appreciably high conversion efficiency is
achieved with TiO2, its low electron mobility results in
low electron mobility has led renewed investigations in
new alternative about new alternative wide-bandgap
photoanode materials like ZnO, WO3, SnO2 for better
performance of Dye-sensitized solar cells [13–15].
Researchers are also using natural dyes extracted from
different fruits, vegetables, and flowers in search of
low-cost DSSC fabricated with environment-friendly
and non-toxic material [16–20].

But the electrolyte has a close interaction with all
the components of DSSC and it determines the time
stability of the cell. Due to this, scientists have been
paying more attention to electrolytes these days [21,
22]. Though the theoretically estimated maximum
photoelectric conversion efficiency of a DSSC is 29%
[23] has been recorded with liquid electrolytes, the
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actual efficiency of 14.3% could be achieved. This is
due to leakage problems, photodegradation of
attached dyes, and solvents volatility restrict the long-
term performance of DSSCs [24]. To overcome these
limitations gel electrolytes have been used instead of
liquid electrolytes as the please provide the atmo-
sphere for the sintering process (inert, activated, etc?)
[25]. Gel electrolytes are usually prepared by adding
materials of high molecular weights with organic sol-
vents and iodides. Polyvinyl carbonate (PC), Acetoni-
trile (ACN), ethylene carbonate (EC) are an example
of some of the popularly used solvents and Lithium
iodide (LiI), potassium iodide (KI), Sodium iodide
are some of the commonly utilized iodides with iodine
(I2). For gelation of liquid electrolyte, many materials
are used namely polyethylene glycol, polyvinylidene
fluoride-co-hexafluoropropylene (PVDF-HFP),
polyethylene oxide, etc. [26].

In this study, we prepared gel electrolytes using
ethyl cellulose (EC) as gelator in the liquid electrolyte,
and fabricated DSSCs with both liquid and gel elec-
trolytes to study were fabricated with both liquid and
gel electrolytes to study their overall photovoltaic per-
formance including their performance stability over a
certain period. Gel electrolyte was also studied in ear-
lier investigation [22], reporting higherstability. A
detailed comparison of Photoelectric properties is
presented in the investigation.

MATERIALS AND METHODS
All the chemicals used in this study were purchased

from commercial sources and used as received. Fluo-
rine-doped tin oxide (FTO) glass slides (10 Ω/square;
thickness 2.2 mm), ruthenium dye (N719), Surlyn
spacer, and Platinum Precursors solution (Plastisol T)
for counter electrode preparation, all were purchased
from Solaronix, Switzerland. Titanium dioxide nano-
powder (TiO2), Lithium Iodide (LiI), and Iodine (I2)
were purchased from Sigma-Aldrich, India. The

chemicals, used in gel preparation are Acetonitrile
(Merck, India), 4-tert-butylpyridine (TCI CHEMI-
CALS, Japan), Tetrabutylammonium iodide
(Merck), Ethyl Cellulose (Sigma-Aldrich, India),
acetone (C3H6O), ethanol (C2H5OH), and acetic
acid (CH3CO2H) (Sigma-Aldrich). All the reagents
purchased were used without further purification.

The working electrode of the DSSC was prepared
by following the standard available procedure [27]. At
first, 10 gm of the TiO2 nanopowder was mixed with
diluted acetic (1 in 50 ml deionized water) acid in a
mortar and pastel and adding few drops of Triton X100
(Merck) as surfactant and ground continuously until a
homogenous smooth suspension was obtained. The
lump-free slurry was then applied on the conductive
side of an FTO coated glass using the doctor blade
method to make a homogeneous layer. To strengthen
the bonding between the FTO glass and the semicon-
ductor paste, the TiO2 coated glass plate was sintered
in normal atmospheric condition at 450°C for 45 min.
In the sintering process, at first, after introducing the
sample in furnace, the temperature was raised with a
rate of 10°C/5 min until the temperature had reached
350°C and after that, it was increased with a rate of
10°C/10 min until 450°C. When it cooled down to
room temperature, the sintered glass substrate was
immersed in the ruthenium dye (N719) solution for
dye adsorption on the surface of the TiO2 nanoparti-
cles for 24 hours. FTO glass coated with a platinum
catalyst (Plastisol-T) and heated at 400°C was used as
a counter electrode and a sealed sandwich-type cell
was fabricated by assembling dye adsorbed TiO2 elec-
trode and the platinum (Pt) coated counter electrode
with Surlyn film as a spacer between them. Then elec-
trolyte was introduced into the assembled cell through
the drilled hole of the counter with a syringe. Glass
glue was used to seal the hole and finally the cell was
connected to the external circuit with the help of croc-
odile clips.

Fig. 1. Schematic diagram of (a) construction and (b) working principle of dye-sensitized solar cell.
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The liquid electrolyte, which we used here, was
prepared by mixing LiI (0.5M) and I2 (0.05M) in 10 ml
acetonitrile. To prepare gel electrolyte, ethyl-cellulose
powder mixed with ethanol was added to the prepared
liquid electrolyte. For our investigation, two cells were
fabricated; one was filled with liquid type electrolyte
and another one with gel-type electrolyte (Fig. 2).

After completion of the fabrication of two different
cells with liquid and gel type electrolytes, the cells were
placed under artificial solar illumination of 100 mW/cm2

and connected with the J-V measurement system to
calculate the photoelectric conversion efficiencies
[28]. The photo-current voltage (I-V) characteristics
were recorded using a Keithley 2400 source meter.
Simulated sunlight was supplied using a xenon lamp
(450W). This process had been repeated every alter-
nate day and accordingly, the photovoltaic perfor-
mances were recorded to investigate the long-term sta-
bility of the DSSCs. The ethyl cellulose gelator was
selected for its easy availability and low cost.

RESULTS AND DISCUSSIONS
Scanning Electron Microscope (SEM) Analysis

The scanning electron microscope (SEM) was
used to examine the surface morphology of TiO2 film
over the FTO glass substrate [29]. The highly porous
morphology of the TiO2 nanostructure deposited on a
glass substrate can be observed from the SEM image
shown in Fig. 3.

The particle size of the TiO2 nanoparticles was
about 60 nm. The higher porous structure resulted in
greater dye molecules adsorption on the surface of the
TiO2 nanoparticles. Also, smaller the particle size of
the TiO2 particles, the higher the overall surface area
for dye molecules attachment for a particular volume
of the photoanode. More dye adsorption causes a

greater number of electron excitation from HOMO to
LUMO of dye molecules after photon absorption [29].

Photovoltaic Performance of the DSSCs
The I–V characteristics of the fabricated DSSCs

based on liquid and gel electrolyte and pure TiO2 pho-
toanode is shown in Fig. 3. The energy conversion
efficiency of each DSSC was calculated using the for-
mula:

(1)

where, Isc is the short circuit current density, Voc the
open-circuit voltage, Pin is the total incident power
density, and is FF the fill factor. The fill factor (FF)
determines the quality of the solar cell, and it was cal-
culated by

(2)

where Imax and Vmax represent the current density and
the voltage at maximum power output.

The Current-Voltage (I–V) characteristics of the
DSSCs fabricated using liquid and gel-based electro-
lytes are shown in Fig. 4. The different electrical
parameters of the cells obtained from the I–V charac-
teristics are listed in Table 1 below.

The energy conversion efficiency of gel electrolyte
based DSSC was lower than liquid electrolyte based
DSSC. The photovoltaic efficiency of DSSCs using
liquid and gel type electrolytes is 1.90 and 1.29%
respectively. Tab. 1 represents the various photovoltaic
parameters extracted from the I–V curves of the cells
with liquid and gel electrolytes. The solar cell fabri-
cated using liquid electrolyte exhibits higher short-cir-
cuit photocurrent density (JSC), open-circuit voltage
(VOC), and fill factor (FF) compared to the DSSC fab-

out sc oc
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,P I V FF

P P
η = =

max max
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=

Fig. 2. The fabrication procedure of DSSC’s with Liquid and Gel electrolytes.
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ricated using gel electrolyte as a dye. The efficiency of
the gel-based DSSC may be low compared to the liquid
electrolyte based DSSC, but the values of cell parameters
obtained are found to be comparable to the efficiencies
obtained for gel electrolyte based DSSCs [29].

Electrochemical behavior Analysis of the DSSCs

Electrochemical Impedance Spectroscopy (EIS) is
a very useful technique for the interpretation of the
kinetics of charge transport processes in different lay-

Fig. 3. Scanning electron microscope (SEM) image of TiO2 nanoparticles on FTO substrate.

1 mmJuly 18, 2018

Table 1. Photovoltaic parameters of the fabricated cells

Cell Electrolyte used Jsc (mA/cm2) Voc(V) Rs (Ω cm2) Rsh (Ωcm2) FF Efficiency (η %)

Cell-1 Liquid 1.67 0.662 309.5 1793 0.43 1.90
Cell-2 Gel 1.42 0.646 253.7 1547 0.35 1.29

Fig. 4. Current-Voltage characteristics of the cells under illumination.
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ers of DSSCs [30]. Generally, EIS data are repre-
sented by Nyquist and Bode plots. In the Nyquist plot,
the imaginary part of impedance Im(Z) is plotted
against the real part of impedance Re(Z) by varying
frequencies of the applied signal [31].

An equivalent circuit is incorporated to analyze the
EIS data, shown in the inset of Fig. 5. In the Nyquist
plot, two semicircles are exhibited. The first semicircle
in the low-frequency region represents the electron
transfer resistance (Rct) in the electrolyte and the sec-
ond semicircle in the mid-frequency region indicates
the charge transfer resistance (Rs) at photoan-
ode/dye/electrolyte interface [32] and CPE is the
equivalent parallel capacitance. In the Nyquist plot, it
is obvious that the second semicircle is more promi-
nent than the other one. From the Fig. 4, it was seen
that the diameter of the second semicircle for liquid
electrolyte (cell 1) is less than the diameter of the
semicircle for gel electrolyte (cell-2). This indicates
that the charge transfer resistance at the TiO2/electro-
lyte interface for liquid electrolyte is lower than the
same for gel electrolyte which justifies the slightly
greater open circuit voltage, short circuit current, and
overall cell efficiency of liquid electrolyte based
DSSCs (Table 1). It is also suggested that the more vis-
cous gel electrolyte does not affect the charge transfer
process very much in the photoanode/electrolyte
interface of the cell, but it affects the charge transfer
resistance at the TiO2/electrolyte interface.

Stability Study of the Cells
The effect of electrolyte on the durability of DSSCs

was characterized by calculating the photoelectric
conversion efficiency over time [33], as shown in Fig.
6. The photoelectric conversion efficiency of DSSC

based on liquid electrolyte was recorded 1.90% imme-
diately after fabrication and was changed to 0.89%
after 120 hours. The photoelectric conversion effi-
ciency of DSSC developed with gel electrolyte was
recorded at 1.29% immediately after fabrication and
1.13% after some time. From here it is clear that how-
ever there is a small decrease in the efficiency for the
gel electrolytes, the cell developed with gel electrolyte
shows better stability than that with liquid electrolyte.
The improvement in long term stability is probably
due to the higher viscosity of gel inhibits the ionic
migration to stabilize the system over a longer time and
also by control of evaporation of liquid electrolyte.
Also, higher stability of gel electrolyte gives it a better
cost effectiveness than that of liquid electrolyte.

Fig. 5. Nyquist plot of DSSCs.
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CONCLUSIONS
DSSCs were fabricated with pure TiO2 photoanode

with liquid and gel-type electrolyte, and cell perfor-
mances were recorded. The liquid electrolyte cells
exhibited higher short-circuit photocurrent density,
open-circuit voltage, fill factor, and efficiency com-
pared to the gel electrolyte DSSC. Though the effi-
ciency of the gel-based DSSC is lower than the liquid
electrolyte DSSC, the cell parameters obtained were
comparable to the parameters obtained for gel electro-
lyte DSSC. Comparing these two types of DSSCs, it is
clear that though the photovoltaic performance of gel
electrolyte DSSC is slightly lower than liquid electro-
lyte DSSC, the performance of gel-based DSSC
remains noticeably stable while for the liquid electro-
lyte the stability decreases remarkably over time.
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Study of Electro-Optical Performance and
Interfacial Charge Transfer Dynamics of Dye
Sensitized Solar Cells Based on ZnO
Nanostructures and Natural Dyes
Rajat Biswas, Trinakhi Roy, and Suman Chatterjee∗

The present work reports comparative assessment of optical and electrical properties of DSSCs fabricated
using vertically aligned ZnO nanorods synthesized using low cost Sol–Gel spin coating technique on ITO
coated glass substrate and ZnO nanopowder and their application in the fabrication of natural dye based
Dye Sensitized Solar Cells. Natural dyes extracted from pomegranate and turmeric are used sensitizers. The
surface morphology and crystal structure have been investigated by scanning electron microscopy and X-ray
diffraction techniques. Optical absorption properties of the dyes were studied using UV-VIS spectroscopy.
Photovoltaic parameters like Open Circuit voltage (VOC), Short Circuit current (ISC), fill factor (FF), Energy
Conversion efficiency (�) were calculated to study the performances of the cells. Cell parameters like series
resistance (Rs) and shunt Resistance (Rsh) were calculated from the I–V curve. Electrochemical impedance
spectroscopy (EIS) was employed for detail investigation of the charge carrier recombination properties and
the charge transfer mechanism at different interfaces of the DSSC devices. Various cell parameters were
determined by fitting the experimental EIS curves with the appropriate equivalent circuit. The electron lifetimes
were determined using bode plot of EIS measurement for the ZnO nanorod and ZnO nanoparticle photo
electrodes sensitized using curcumin dye from turmeric and anthocyanin dye from pomegranate juice. The
ZnO nanorod sensitized with curcumin cell emerged out as the best performing cell among the four cells
which can be attributed to the highest electron lifetime, higher recombination resistance resulting in lower
charge carrier recombination in the ZnO/Dye/Electrolyte interface. Many researchers have studied sensitizing
effect of curcumin dye with different nanostructures of ZnO but we are the first to study the sensitizing effect
of curcumin dye on ZnO nanorod like structure.

Keywords: Dye-Sensitized Solar Cells, Zinc Oxide Nanorod, Sol–Gel Hydrothermal Growth, Natural Dyes,
Electrochemical Impedance Spectroscopy, Carrier Lifetime.

1. INTRODUCTION
With the increasing world population, spreading urbaniza-
tion and technological advancement, matching the energy
supply with the energy demand is the major challeng-
ing issue world is facing these days. The environmen-
tal consequences related to extensive use of fossil fuels,
safety related issues of nuclear power, ever-growing energy
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demand and depleting the stock of fossil fuels have
motivated the researchers to search for alternative econom-
ically and environmentally sustainable renewable energy
sources.1 In such a context of global energy require-
ment, among all the non-polluting and renewable energy
sources, the photovoltaic technology utilizing solar energy
has emerged as the most assuring candidate.2 Though con-
ventional photovoltaic devices (silicon-based solar cells)
are promising for the direct conversion of photons into
electrons, the prohibitive cost of these cells is noncompet-
itive with conventional power generating methods.3�4 On
the contrary, dye-sensitized solar cells (DSSCs), invented
by O’Regan and Grätzel in 1991, are non-conventional
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photovoltaic technology based solar cells that have
attracted significant attention because of its novel fabrica-
tion concept derived from nature’s principle (photosynthe-
sis), easy fabrication procedure using abundant materials,
cost-effectiveness, suitability for wide variety of end-user
products and can be made flexible. DSSC is a device
which converts the solar energy into electrical energy,
based on the principle of sensitization of wide bandgap
semiconductors.5 The photoelectrochemical performance
of a DSSC mainly depends on the selected Photoanode
material including its surface morphology and the sensi-
tizing dye used.6–9 Although a large number of different
DSSCs have been investigated, most of them are not com-
mercially popular until now because of its issues with low
conversion efficiency, higher production cost, lower stabil-
ity and durability.10�11

Different inorganic, organic and hybrid dyes were
employed as sensitizers in DSSCs. But among all of them,
the ruthenium complexes are the most popular sensitiz-
ers because of their intense charge transfer absorption
across the complete visible range and immensely effi-
cient metal-to-ligand charge transfer mechanism.12 But
the major downsides of Ruthenium dyes are its rareness,
high cost and complicated synthesis process.13 Also, ruthe-
nium polypyridyl complexes contain heavy metal, which
is harmful to the environment.14 In order to find out low
cost and environment-friendly alternative to these expen-
sive ruthenium compounds, researchers are focusing on
easily available natural dyes extracted from various nat-
ural resources. Many researchers have studied sensitizing
effects of several natural dyes derived from various fruits,
flowers and leaves.15 Most of them are used with TiO2
nanostructures as photoanode.16–20 However, recently ZnO
has been emerging out as a great potential alternative to
TiO2 due to some its fascinating electrical and optical
properties. ZnO is a wide band gap semiconductor hav-
ing a direct band gap of 3.37 eV making it suitable as a
photoanode material for DSSC.21�22 Apart from this, ZnO
is very easy to synthesis, abundant, inexpensive and poses
higher electron mobility (200–300 cm2V−1S−1 for bulk
material and 1000 cm2V−1S−1 for nanowire) than that of
TiO2 nanoparticles (0.1–4 cm

2V−1S−1�.23–25 Moreover, the
1-D single crystalline rod-like structure of ZnO nanorods
provide a higher surface to volume ratio enabling better
dye loading.26 These qualities of ZnO make it a potential
alternative to TiO2 for fabrication of DSSCs.
In this study, we aimed to combine natural sensitiz-

ers with two types of nanostructured ZnO to get both the
advantages of ZnO and also the benefits of natural organic
dyes targeting lower fabrication cost, echo friendly devices
along with good cell performance and wanted to find out
the best suitable ZnO nanostructure-Natural dye combi-
nation. In this regard, we fabricated four DSSCs using
two types of natural dyes, anthocyanin extracted from
pomegranate (Punica granatum) and curcumin extracted

from fresh turmeric (Curcuma longa) and studied their
electro-optical responses to investigate their usefulness as
natural sensitizers when adsorbed onto ZnO nanorod (NR)
and ZnO nanoparticle (NP) films in DSSCs. Hydroxyl
and Carbonyl groups existing the natural sensitizers bound
them easily to the surface of the ZnO nanorods which
facilitates very easy electron injection from LUMO of dye
molecule to the conduction band of ZnO.27

2. EXPERIMENTAL DETAILS
2.1. Structure and Working Principle of DSSC
A typical DSSC consists of four elements: a photoanode
with a thin layer of mesoporous wide band gap semicon-
ductor oxide layer (usually TiO2, ZnO, SnO2 or Nb2O5�
over a transparent conducting substrate (ITO or FTO), a
monolayer of the sensitizing dye adsorbed on the semi-
conductor oxide surface to facilitate light absorption, an
redox mediator electrolyte solution (typically I−/I 3−� in
an organic solvent and a counter electrode made up of a
catalyst (platinized ITO or FTO) to facilitate charge col-
lection. The schematic of device architecture and work-
ing principle of a typical DSSC is shown in Figures 1(a)
and (b).
Upon exposure to the sunlight, dye molecule absorbs

photon energy and goes through an electronic state change,
the electron jumps from ground state (HOMO) to the
excited state (LUMO). As a result, electron injection into
the conduction band of the semiconductor oxide (ZnO)
film takes place whereby the dye molecule gets oxidized.
This oxidized dye molecule is regenerated by taking an
electron from the redox species of the electrolyte (I−�.
Subsequently, I− is regenerated by reduction of I 3− with
electrons migrated from photo anode via external load and
collected at the counter electrode, completing the cycle.5�6

2.2. Materials
Transparent ITO coated glass (10 �/square) was purchased
from Techinstro, India. The liquidplatinum paint (Plati-
sol T) purchased from Solaronix, Switzerland was used to
prepare the platinum coated transparent counter electrode.
Commercial ZnO nanopowder (<50 nm,), Zinc acetate
dehydrate and Hexamethylenetetramine all were purchased
from Sigma Aldrich. Ethylene Glycol (Sigma Aldrich) was
used as a solvent for the electrolyte preparation using KI
(S D Fine-Chemical Ltd., India) and I2 (RANKEM, India).
Meltonix 1170-60 (60 �m) purchased from Solaronix was
used as a spacer between the electrodes to avoid short-
circuiting between them.

2.3. Extraction and Preparation of Natural
Dye Sensitizers

In the fabrication of Dye Sensitized solar cells, selection
of the dyes is one the crucial task as it significantly affects
the performance and production cost the cells. By choos-
ing abundant natural dyes instead of expensive synthetic
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Fig. 1. Schematic diagram and basic working mechanism of DSSCs based on (a) ZnO nanoparticle (b) ZnO nanorod.

ruthenium dyes we can reduce the production cost by a
large amount. In this work, we have chosen extracts of
Curcumin and pomegranate juice as sensitizers. Curcumin
was extracted by grinding turmeric root in an iron mor-
tar and then mixing in 100 ml ethanol. After extraction,
solid residues were filtered out to obtain a clear natural
dye solution.
For pomegranate extraction of pomegranate juice, afresh

pomegranate was squeezed and then mixed with 100 ml
deionized water. This solution is also filtered to obtain
pure dye. The dye solutions were properly stored pro-
tecting from direct sunlight for further use. Studies have
shown that Curcumin dyes have two forms and they
are identified as Keto and Enol.28 On the other hand,
it was found that pomegranate juice mostly contains six
type anthocyanins. These are cyanidin 3-glucoside, cyani-
din 3,5-diglucoside, delphinidin 3-glucoside, delphinidin
3,5-diglucoside, pelargonidin 3-glucoside and pelargonidin
3,5-diglucoside.29 The chemical structures of these dyes
are shown in Figure 2.

2.4. Sol–Gel Synthesis of ZnO Nanorods:
Preparation of Working Electrodes

To prepare the working electrode, first, the ITO coated
glass was cut into 2×2 cm square shaped pieces. Clean-
ing of this substrate is very important as it removes any
organic or inorganic contaminant present on its surface
which can significantly affect the performances of the
cells. Furthermore, cleaning enhances the adhesion of the
subsequent layers to be deposited over it. The ITO sub-
strates were cleaned using dilute HCl for 15 minutes in an
ultrasonic cleaner to remove oxide impurities. Then they
were rinsed extensively with deionized water to remove
the HCl residues. The substrates were then subjected
to cleaning in acetone, ethanol and deionized water for
15 minutes each using an ultrasonic bath. Finally, the sub-
strates were dried using a hairdryer. The cleaned substrates

were masked using scotch tape on four sides leaving the
central area empty for semiconductor material deposition.
ZnO nanorods were grown on the ITO coated glass

substrate by following a simple two-step Sol–Gel spin
coating protocol followed by hydrothermal growth.30 In
the first step, a thin ZnO seed layer was formed on the
ITO glass substrates using 5 mM Zinc acetate dehydrate
CH3COO)2Zn, 2H2O, (98% Merck) in acetone as precur-
sor solution. The solution was well mixed using an ultra-
sonic bath for 2 hours at room temperature and then spun
onto cleaned and masked ITO coated glass substrates using
a programmable spin coater (Apex Technologies, Model
SCU-2008C) at 1000 rpm for 30 seconds. The coated
substrates were then annealed at 350 �C temperature for
30 minutes. After evaporation of the solvent, a thin ZnO
film was formed whose thickness can be controlled by
repeating the above process. In this way, the seed layer
is formed. The thickness of the film can also be con-
trolled by varying solution concentration and the spinning
speed of the spin coater.31 In the second step, vertically
aligned ZnO nanorods were grown over the seed layer-
coated ITO glass substrate by hydrothermal method. In
this method, the seed layer coated substrate was immersed
in a solution containing an equal proportion of 5 mM Zinc
acetate dehydrate, (CH3COO)2Zn, 2H2O and 5 mM Hex-
amethylenetetramine, (C6H12N4� at 90

�C temperature in
a Pyrex vessel for 2 hours. This creates an array of verti-
cally aligned ZnO nanorods on the substrate. It was then
taken out from the solution and rinsed immediately with
ethanol and deionized water in order to remove any left-
over residues from the film surface and allowed to air
dry at room temperature. Finally, the ZnO nanorod forma-
tion was completed by annealing the film at 450 �C for
30 min. This ZnO nanorod array coated substrates were
then immersed in the dye solutions to allow adsorption of
the dye molecules onto the semiconductor nanorod surface
for 24 hours. Then the electrodes were taken out from the
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Fig. 2. Chemical structures of curcumin (a and b) present in turmeric and six major anthocyanins (c–h) present in pomegranate fruit extracts.

solutions and rinsed with ethanol and deionized water to
remove the excess dye from the surface of the films and
air dried at room temperature. The platinum counter elec-
trode was prepared by spin coating the platinum precursor
solution (platisol T–solaronix) at 1000 rpm for 30 seconds
onto a drilled ITO substrate and giving heat treatment at
450 �C for 15 minutes.

2.5. DSSC Assembling
To assemble the solar cell, the conductive side of the
platinum coated counter electrode was placed over the
dye adsorbed ZnO nanorod photoanode so that the pla-
tinized side of the counter electrode faces the ZnO film.
Surlyn spacer (Meltonix 1170-25 �m) was placed in
between them to prevent the uncoated areas of the elec-
trodes from short-circuiting. Two binder clips were used
to firmly clamp the two electrodes together in a sand-
wich manner. The redox electrolyte was prepared by mix-
ing 0.5 M KI and 0.05 M I2 in Ethylene Glycol solvent

in a proportionate amount. This electrolyte solution was
injected into the cell through the drilled hole on the
counter electrode. The hole was then sealed using a hot
melt sealant. The effective cell area was 1 cm2.

2.6. Device Characterization and Measurements
The absorption spectra of the dyes were studied using a
Perkin Elmer Lambda–35 UV-VIS spectrophotometer in
the wavelength range of 200–600 nm range. The crys-
talline structure of the ZnO films was studied using PAN-
alytical X’Pert PRO X-ray diffractometer with CuK�
(30 mA, 40 kV, �= 1.5406 Å). The surface morphologies
of the ZnO films were characterized by using scanning
electron microscopy (JEOL). The current–voltage (I–V )
characteristics of the fabricated cells under illumination of
100 mW/cm2 (Oriel Xenon lamp 450 W) were recorded
by employing a Keithley 2400 source meter connected to
a PC. The desired intensity of incident light was obtained
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with the help of a reference cell by adjusting the distance
between the light source and the cell.
The performance of the solar cell is determined by the

overall photoconversion efficiency of the cell which is
defined as the ratio of maximum electrical output power
of the cell to the incident optical power and is given by
the equation

� = Pout
Pin

= IscVocFF
Pin

(1)

where Pin is the power of the incident light, Imax and Vmax
are the current and voltage corresponding to the maximum
output power from the solar cell and ISC and VOC represents
the short circuit current and open circuit voltage respec-
tively. The term FF is known as Fill factor of the cell. It is
determined from the I–V characteristics and calculated as

FF = ImaxVmax
IscVoc

(2)

The efficiency is generally expressed in percentage.

3. RESULTS AND DISCUSSION
3.1. UV-VIS Absorption Spectral Analysis of the Dyes
UV-VIS absorption spectra of the Curcumin and
pomegranate dye in are shown in Figure 3. A clear dif-
ference the absorption peaks of the two dyes can be seen.
Curcumin exhibits absorption peak at 422 nm whereas
pomegranate fruit extract solution at 517 nm. The dif-
ference in the absorption peaks is due to the different
types of colors and chromophores present in Curcumin and
pomegranate extracts.

3.2. X-ray Diffraction Analysis of the ZnO Film
The structural and crystalline quality information of the
synthesized ZnO nanorods and purchased ZnO nanopow-
der were studied using X-ray diffraction pattern of the
samples which is shown in Figure 4. The consistency of
the obtained diffraction peak was confirmed by comparing
them with the standard JCPS card no. 36-1451. A remark-
ably enhanced diffraction peak for (002) plane at 34.4595�

Fig. 3. Absorption spectra of the natural sensitizers.

Fig. 4. XRD pattern of ZnO nanorods.

can be clearly observed for the ZNO nanorods. It indicates
strong preferential growth of ZnO nanorods along c-axis
and vertical alignment on the ITO substrate and also the
hexagonal wurtzite structure. XRD of ZnO nanoparticles
was not performed since the powder was commercially
purchased.
The average crystalline size of the ZnO films were esti-

mated from the width of the (002) peak for ZnO nanorod
and (101) peak for ZnO nanoparticle using Debye-Scherrer
formula for X-ray diffraction,

Crystalline Size �D�= 0�9�
�Cos�

Å (3)

where �, � and � are FWHM of the peak, Bragg angle
and wavelength of X-ray used. The dislocation density (�),
representing the amount of defects in the crystal and the
strain (�) of the film were determined using following for-
mulae respectively:32

�= 1
D2

(4)

�= � cos�
4

(5)

The values of different parameters calculated from the
structural analysis of the XRD pattern are given in Table I.
Crystalline size estimated from X-ray analysis is gener-

ally found to be less than the particle size found from SEM
images. The reason behind this is that generally a particle
may be formed by combination of several crystallites or
just one crystallite.

3.3. Scanning Electron Microscope Studies
Scanning electron microscopy (SEM) was carried out to
study the morphological properties of the sample film.

Table I. Structure parameters of the ZnO nanorod thin film.

ZnO particle FWHM
type Plane (��� 2�� D (nm) � nm−2 �

Nanorod 002 0.20567 34.4595 40.43 6�11×10−4 4�91×10−2
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Fig. 5. SEM image of (a) ZnO nanorods grown on ITO substrate (b) EDX spectra of the nanorod sample showing elemental composition (c and d) ZnO
nanoparticle deposited sample at lower and higher magnification respectively.

Figure 5(a) is the SEM image of the ZnO nanorod arrays
on ITO substrate. The SEM observation reveals that most
the most of the nanorods have grown vertical to the
seed layer on the ITO substrate and have hexagonal
wurtzite.
The nanorods have diameters ranging from 100–200 nm

with an average length of 300 to 400 nm and in case
of nanoparticles; the average particle size was around
50 nm. To investigate the chemical composition of the
nanorods, EDX analysis was performed which is shown
in Figure 5(b), which confirms the presence of Zn and O.
The unidentified peaks are due to the presence of indium
(In) and tin (Sn) in ITO substrate.

Fig. 6. (a) Current density–voltage characteristics of the cells under illumination (b) power–voltage curve to obtain maximum power point.

3.4. Current–Voltage Characteristics Study of
Cells/Solar Cell Efficiency Measurements

The current–voltage characteristic of a Solar cell allows
us to determine the photovoltaic performance of the cell.
The J–V curves of the fabricated cells under illumination
of 100 mW/cm2 are shown in Figure 6(a). The Power–
Voltage plot to calculate the maximum power point (Pmax�,
Imax and Vmax are represented in Figure 6(b). Table II
shows various parameters extracted from the I–V curves
of the ZnO nanorod based DSSCs fabricated using natu-
ral dyes Curcumin and Pomegranate. The solar cell fabri-
cated using Curcumin extract exhibits higher shortcircuit
photocurrent density (JSC�, open-circuit voltage (VOC� and
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Table II. Solar cell parameters of fabricated DSSC’s.

Dye used
Cell and ZnO Jsc Voc Rs Rsh Efficiency
No. microstructure (mA/cm2� (V) (� cm2� (� cm2� FF (� %)

1 Curcumin and 1.43 0.49 86.28 7866.28 0.59 0.41
ZnO NR

2 Anthocyanin and 1.20 0.43 116.67 2722.90 0.46 0.24
ZnO NR

3 Curcumin and 1.27 0.46 101.19 6629.31 0.56 0.33
ZnO NP

4 Anthocyanin and 0.98 0.45 146.87 4659.92 0.48 0.21
ZnO NP

fill factor (FF) compared to the DSSC fabricated using
pomegranate extract as a dye. The Curcumin dye cell
shows an improved overall photoelectric conversion effi-
ciency (�) over the anthocyanin dye cell. The efficiency
of these natural dye based cells may be low compared to
the synthetic dye based DSSCs but these values are com-
parable to the efficiencies obtained for natural dye based
DSSCs reported by other researchers.33

Equivalent circuit modeling is a very important tool
required for better understanding and explanation of the
solar cell performance and analysis of the electrical pro-
cesses occurring inside the cell. The functioning of a solar
cell generally modeled by a single diode with a constant
photo-generated current source, a series (Rs� and shunt
resistance (Rsh� as shown in Figure 7. The current–voltage
relation is given by the equation

I = Iph− Io exp
q�V + IRs�

AkBT
− 1 − V + IRs

Rsh
(6)

where Iph, Io, Rs, Rsh, q�A�kB and T are the photocur-
rent, the saturation current of the diode, the series resis-
tance, the shunt resistance, the electron charge, the ideality
factor, the Boltzmann constant, and absolute temperature,
respectively.34

The circuit parameters like Rs and Rsh are not directly
measurable. They are calculated by fitting the experimental
J–V curve with the Eq. (6). Values of these parameters
obtained for the fabricated cells are also represented in
Table II.
Cell-1 shows lowest series resistance (Rs� compared to

other cells. This indicates improved electrical contacts,

Fig. 7. The equivalent circuit (single diode model) of a solar cell.

lower junction resistances and better ZnO nanorod mor-
phology in case of cell-1. Higher series resistance means
greater voltage drop inside the cell resulting in lower ter-
minal voltage and sagging of current controlled part of the
J –V curve towards the origin which can be correlated with
Table II and Figure 6(a). In addition, from single diode
equivalent circuit of the solar cell (Fig. 7), it can be clearly
seen that Rsh provides an alternative path to the photocur-
rent which causes power losses in the solar cell. Lower
Rsh results in partial shorting between the two electrodes
of the solar cell giving rise to leakage current. So, the
highest value of Rsh of cell-1 attributes to lowest leakage
current which results in improved cell performance. Also,
from Table II it can be confirmed that higher shunt resis-
tance results in higher fill factor and consequently better
photoconversion efficiency.

3.5. Electrochemical Impedance Spectroscopy
Study of the Cells

The electrochemical impedance spectroscopy is a very use-
ful diagnostic technique which has often been performed
to investigate the interfacial charge transfer dynamics and
recombination mechanisms occurring inside a DSSC.35

These are generally modelled using appropriate equivalent
circuit in terms of resistors and capacitors. The EIS mea-
surements were performed using HIOKI Impedance Anal-
yser in the frequency range 0.1 Hz to 190 kHz under dark
condition with employing an AC sinusoidal signal having
amplitude of 10 mV under influence of Voc bias voltage.
EIS findings as Nyquist plot of the DSSCs are shown in
Figure 8(a). Physical interpretation of the different elec-
trochemical operations across the interfacial regions of the
DSSCs can be done by fitting the EIS spectra with the
equivalent circuit shown in Figure 8(b). Generally a typi-
cal Nyquist plot exhibits three semicircles. However, only
two semicircles are present in our study due to low fre-
quency limitation of our instrument. The first smaller semi-
circle (in the high frequency range) attributes to the charge
transfer resistance at the Pt counter electrode/Electrolyte
interface (RCE� and the second semicircle (mid frequency
range) having higher diameter corresponds to the resis-
tance of charge transfer and recombination process at
the ZnO photoelectrode/dye/electrolyte interface (Rct�. The
intercept of the first semicircle in the high frequency range
on real axis of the Nyquist plot is associated with the
contact resistances and external ohmic series resistance
(RSER� of the assembled cell.

36 The experimental Nyquist
plot is fitted with the equivalent circuit shown in inset of
Figure 8(a) using MEISP software by Kumho Chemical
Laboratories, on the basis of algorithm developed by Pro-
fessor J. R. Macdonald (LEVM v7.0) for non-linear com-
plex least square fitting, and the obtained parameters are
represented in Table III. The chemical capacitance (C��
is very useful in illustrating the underlying mechanism
through which photoelectrons store free energy and gen-
erates current and voltage in the outer circuit.37 Also, the
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Fig. 8. EIS spectra of DSSCs (a) nyquist plot (b) equivalent circuit for fitting (c) bode phase plot and (d) bode magnitude plot for impedance.

chemical capacitance (C�) reflects charge carrier accumu-
lation on the ZnO film and the density of states in the
band-gap region.38 From Table III, it can be seen that
Cell-1 exhibits much higher C� value than the other cells,
which indicates conversion of higher amount of photon
energy into chemical energy resulting in higher amount
of energy storage by virtue of carrier injection into the
conduction band of ZnO. Reduced C� values for cell-2,
3 and 4 also suggest poor dye loading.39�40 It can also be
clearly observed from the Nyquist plot that the recombina-
tion resistance (Rrec� at the ZnO NR-Dye/Electrolyte inter-
face is highest for cell-1 compared to the other three cells.
This shows that cell-1 has better resistance to the charge
recombination between the photo-generated electrons and

Table III. EIS parameters of the DSSCs determined by fitting experi-
mental data.

Dye used Electron
Cell and ZnO RSER Rrec RCE C� Peak lifetime
No. microstructure (�� ��� (�� (�F) freq. (Hz) (�e� (ms)

1 Curcumin and 42.85 173.21 16.28 83.16 22 7.24
ZnO NR

2 Anthocyanin 40.93 156.37 15.17 59.41 33�29 4.78
and ZnO NR

3 Curcumin and 43.25 129.74 17.56 42.52 51 3.12
ZnO NP

4 Anthocyanin 41.63 103.56 16.85 29.40 88�48 1.80
and ZnO NP

the electron acceptors in the red-ox electrolyte attributing
lower recombination current.41

Since counter electrodes of all the cells were prepared
using same procedure, the values of RCE are almost same
for all the four cells. Another important representation of
the EIS data is Phase and Magnitude bode plots represent-
ing Phase (−�) versus Frequency (f ) and Magnitude of
Impedance (�Z�) versus Frequency curve. Unlike Nyquist
plot, the very important aspect of this plot is that frequency
information is not lost. The average carrier lifetime can be
estimated from phase bode plots (shown in EIS Fig. 8(b))
using the formula

�e =
1

2�fmax
where fmax represents peak frequency in the mid-frequency
range.42 ZnO NR loaded with Curcumin dye shows low-
est characteristic peak frequency attributing to highest
electron lifetime in the LUMO of the Curcumin dye
molecule. It shifts towards higher frequency values for
the other cells which results in decreased electron life-
time (refer to Table III). The lowest value of �e in ZnO
NP cell loaded with anthocyanin (cell-4) extracted from
pomegranate juice attributes to fastest electron recombina-
tion leading to degraded overall cell performance.
On the other hand, bode magnitude plots depicted

in Figure 8(d) represents the variation of magnitude of
impedance with frequency. It may be noted from bode
magnitude plot shown in Figure 8(d) that at low frequen-
cies the magnitude of impedance is high, which indicates
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higher recombination resistance. But with increase in fre-
quency the impedance starts falling which is due to the
faster electron recombination at higher frequencies. In the
lower frequency region, the ZnO NR cell sensitized with
Curcumin is showing highest magnitude of impedance
implying slowest recombination rate, giving rise to highest
short circuit current (ISC�. In contrary, ZnO NP cell sen-
sitized with anthocyanin extracted from pomegranate fruit
shows the lowest impedance in the low frequency region
implying fastest recombination process which is reflected
in Table III. The possible reason behind these behaviours
may be the better adsorption of Curcumin dye molecules
over the hexagonal rod shaped ZnO nanostructures in com-
parison to the other cells. It also can be seen that the
value of characteristic frequency shifts towards lower side
for increasing value of either Rrec or C�. One more thing
can be noted from the impedance plots that the maximum
value of phase angle is also decreases with the decrease in
value of Rrec.

4. CONCLUSIONS
In this study, hexagonal shaped ZnO nanorods with pref-
erential growth along (002) plane were successfully grown
on ITO substrates using low cost sol–gel hydrothermal
technique. The nanorods have diameters ranging from
100–200 nm. XRD study revealed remarkably high crys-
talline quality of the nanorods. These ZnO nanorod
based substrates were used as photoanodes to prepare
DSSCs using natural dyes extracted from pomegranate and
turmeric. On the other hand, commercial ZnO nano pow-
der is also used to fabricate DSSCs using the same natural
dyes. Photo electrochemical performances of all the four
cells were recorded. From the J–V measurements, a clear
enhanced overall cell performance was noticed for the cell
constructed using ZnO nanorods and sensitized using Cur-
cumin dye compared to the other three cells. One of the
reasons for this could be the higher amount of Curcumin
dye molecule adsorption by the ZnO film due to the better
interaction between the carbonyl and hydroxyl groups of
Curcumin molecule and the ZnO nanorod film than that of
Pomegranate extract. For deeper understanding of the per-
formances obtained from the cells, the different interfacial
mechanisms of the cells were investigated using EIS tech-
nique. It is found that the shape of ZnO nanostructures and
different dye molecules present in the extracts affected the
electrochemical parameters of the cells. Best performance
of the cell prepared with ZnO nanorod with Curcumin
dye is found to be due to highest chemical capacitance
(C�� along with lowest electron recombination rate and
fast charge transport along the ZnO nanorod. Therefore,
the Curcumin dye should be an alternative to anthocyanin
source for natural dye sensitized solar cells. These results
also show that the performances of the natural extract
based DSSCs can be enhanced significantly by combining

proper natural dye with appropriate shape of semiconduc-
tor nanostructures and they can become potential alterna-
tive to the synthetic sensitizers based DSSCs. In fact, such
combination may result in environment friendly, remark-
ably low cost and easily manufacturable dye sensitized
solar cells.
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