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ABSTRACT 

Twenty five natural dyes (D1-D25) were extracted through maceration from local 

plants species categorized as A= D1-D6, B= D7-D17, C= D18-D20, D= D21-D22, 

E= D23 and F= D24-D25 on the basis of their parts used for the application in dye-

sensitized solar cells (DSSCs). The photo-physical and electro-chemical behaviors of 

natural dye were evaluated through UV-visible spectrophotometry and cyclic 

voltammetry respectively. The UV-Visible absorption spectrum of the individual dye 

extracts D1-D25 revealed two distinct bands i.e. First band corresponds to π-π* 

transition while the second band corresponds to intermolecular charge transfer (ICT) 

band. Out of all the extracted natural dyes, S. oleracea (D23-E) dye resulted in best 

absorption at ICT band with λmax = 662 nm having absorbance A= 0.33. Cyclic 

voltammetry of the dyes D1-D25 was carried out which revealed the distinct 

oxidation and reduction peaks. The peaks can be seen more prominently among S. 

oleracea (D23-E), R. tinctorum (D21-D) and H. rosa-sinensis (D1-A) dyes while rest 

of the dyes exhibited less prominent peaks. The photovoltaic performances of the 

individual dyes D1-D25 (A-F) were evaluated by fabricating the sandwich-type 

DSSCs with the extracted natural dyes. TiO2 coated FTO glass slides were prepared 

for dye adsorption. The J-V profiles showed open circuit voltage values and short 

circuit current density. The most promising results of photovoltaic parameters were 

found for solar cell fabricated with D23-E dye with Jsc= 5.38 mA/cm
2 

and Voc= 0.47 

V followed by D21-D (Jsc=  4.14; Voc= 0.36 V) and D1-A (Jsc= 5.48; Voc= 0.36 V) 

respectively The best sunlight to energy conversion efficiency was obtained from 

D23-E (η= 1.4%) dye which has better UV absorption and oxidation properties. The 

respective dye gave high short circuit current density and hence high photon to 

current efficiency was achieved. Other dyes gave the efficiency in the following order 

D21-D (R. tinctorum) = 1.1% > D22-D (A. tinctoria)= 1.05% > D1-A (H. rosa-

sinensis)= 1.02% > D17-B (S. anacardium)= 0.92 > D2-A (B. oleracea var. capitata) 

& D11-B (P. granatum) = 0.9% > D6-A (R. macdub)= 0.8% > D19-C (B. vulgaris) = 

0.7%. Other natural dyes also showed satisfactory results. These natural dyes can 

easily replace conventional harmful, persistent and expensive metallic and synthetic 

dyes. Natural dye can be regarded as a promising candidate for low cost DSSCs 

fabrication with no environmental damage.  
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CHAPTER 1    

INTRODUCTION 

Energy is vital for life which provides light and comfort (Chinnammai, 2014). By the 

start of industrial era, the ability of human beings to harness and utilize different 

forms of energy has transformed the standards of living for billions of people (Yazdi, 

2012). Energy is considered as the salvation and lifeline of any economy. Continuous 

and uninterrupted energy supply boost up economic growth and development. Global 

energy demand is growing rapidly because of population explosion and technical 

developments (Kannan and Vakeesan, 2016). At present, the global energy demands 

are exceedingly reliant on non-renewable resources of energy with a total percentage 

dependency of 87.7%. The growing demand in energy provision has speed up 

depletion of fossil fuels. The estimated capital of fossil fuels all over the world can 

last not more than 40 years for oil, 60 years for natural gas and 200 years for coal 

(Gong et al., 2017) 

1.1 Global Energy Crisis 

Chinnammai (2012) defines the term energy crisis as a state of disruption of energy 

supply suffered by the nation that causes a boost in energy prices and also intimidate 

national and economic safety. Energy crisis also refers to a major shortfall in the 

supply of energy resources to an economy. It generally includes the shortage of oil 

and furthermore to electricity or additional natural resources (Ali and Shah, 2012). 

Planet Earth is currently facing an energy crisis because of an increase in global 

energy demand (Coyle and Simmons, 2014). Coyle and Simmons also demonstrated 

that excessive use of fossil fuels for the generation of electricity, transportation and 

continuous increase in world's population (exceeding 7 billion and rising gradually) 

are the main reasons for energy crisis of the world. Laha and Chakraborty (2017) 

stated that overexploitation of non-renewable energy resources, rapid and 

uncontrolled population growth, poor framework and design of power generation and 

distribution sector as well as the utilization of energy inefficient appliances and 

gadgets are the chief causes of energy crisis. Moreover, due to the insecurity 

associated with global oil production and its high price, the need to shift towards 

alternate energy resources in of utmost importance. The world is on the verge of an 
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energy crisis that warns the survival of civilizations. The demand of energy in the 

world increases 1.6% annually (Ozturk et al., 2013). 

The World Bank Statistics showed that one in seven people across the globe still live 

without electricity (Khan et al., 2011). According to a study conducted by Lewis in 

2007, the actual global energy consumption of the planet was 13 TW in 2007, which 

was amplified to 18 TW in 2013 and supposed to increase up to 28 TW in 2050. 

According to the findings by Beretta (2007), the consumption of global energy has 

increased two folds in the past thirty years. In 2004, about 77.8% of the key energy 

consumption of the globe is from fossil fuels, 5.4% from nuclear sources, 16.5% from 

renewable sources of energy, including 5.5% hydroelectric and remaining 11% 

consists of non commercial sources (solar and biomass). In 2012, Yazdi demonstrated 

that most of the current energy supplies are based on limited resources that are 

environmentally unsustainable. Godibo et al., (2015) concluded in their study that 

there is a growing need for the development of renewable sources of energy. The 

well-being of the economy and environment of any country depends on moving 

towards electricity produced with resources that are plentiful as well as sustainable 

and have a spotless environmental footprint. 

Energy consumption by all the sectors of a society causes serious ravages to natural 

resources of energy i.e. fossil fuels. Rapidly increasing demand and consumption of 

energy demonstrated that energy will be the most important problems of the world in 

nearest future (Khalil and Zaidi, 2014). If safety measures and precautions are not 

taken, a major crisis is on its way to the world in future which will be of severe 

nature. The crisis awaiting the world is energy crisis which will threaten the existence 

of civilizations (Ozturk et al., 2012). 

1.2 Energy Status of Pakistan 

As an economically underdeveloped country, energy requirement of Pakistan is huge 

and additional steps are required to accomplish the domestic and industrial needs of 

the country (Shakeel et al., 2016). Pakistan is striving to achieve sustainable supply of 

energy and presently under severe energy crisis than the past (Naseem and Khan, 

2015). Energy network of the country is imperfectly-managed, inadequate and under-

developed (Qazi et al., 2012). Qasim and Kotani (2014) concluded in their study that 

the demand of energy has increased remarkably because of uncontrolled population 
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growth and rapid development. Energy dependency of the country is mainly upon 

non-renewable energy supplies like fossil fuels. Pakistan is facing energy crisis in 

terms of electricity right after its foundation till date and presently, only 60% 

population of Pakistan have access to electricity (Munir, 2017 and Zafar et al., 2018).  

According to the data presented by Javaid et al. (2011), Pakistan had the ability to 

produce only 60 MW in 1947 for a population of 31.5 million people at that time 

while the country is currently producing 12000 MW of electricity with a reported 

shortfall of 4000 MW. Combustion of fossil fuels increased their demand as well as 

affect the environment adversely (Wakeel et al., 2016).  

Pakistan is facing an extraordinary energy crisis at present (Sher et al., 2015). Primary 

sources of energy are not sufficient to meet the energy needs of the country. Energy 

demand has increased significantly in past ten years and supply has failed to meet this 

mounting trend due to policy failure (Dar et al., 2013). It was found that in 2007, the 

installed capacity had grown to 19,500 MW for a population of about 160 million. On 

the contrary, it was 50 MW for the population of 33.7 million in the year of 1947. 

Basically, it means that the per capita consumption of electricity has increased 82 

times within the period of 6 decades. This shows that energy, particularly electricity 

has now become an integral part of life in Pakistan (Asif, 2011). Dar et al. (2013) 

studied the impact of energy consumption on the economic growth of Pakistan and 

concluded that the country is mainly relying on non renewable resources of energy. 

The percentage of natural gas consumption is highest which is 43.2% followed by oil 

which is 29%. The utilization of gas, electricity and coal has increased at an average 

rate of 5.1%, 4.8% and 7.7% annually for the past ten years. Alternate resources of 

energy need to be adopted to overcome the energy demand issues as well as to reduce 

carbon footprints (Laha and Chakraborty, 2017). 

The issue of supply and demand of energy is very important not only for the 

economic prosperity of the current generation but also for the future generations. Its 

shortage can retard economic growth. Rising concern about the energy crisis, climate 

change, fossil fuels depletion and environmental issues are the motivating the research 

on sustainable and renewable energy resources. To overcome the increasing demand 

of energy, environmental friendly as well as cost effective methods using renewable 

sources of energy are required (Calogero et al., 2015).  
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Electricity is the most useful and general form of energy that can be made from the 

energy released by the primary sources such as coal, oil, nuclear or water. Electricity 

is basically known as a secondary source of energy because it is generated from 

primary sources (Ali and Shah, 2012). Khan et al. (2011), reported that global 

population was 6.5 billion in 2005 which is expected to grow to 9.1 billion by 2050. 

Most of this growth is likely to place in the developing world. During the past 25 

years more than 1.3 billion people living in developing countries have access to 

electricity, but more than 1.4 billion people of the world do not have access to it. 

However about 2-4 billion population depends on conventional sources such as 

biomass for cooking and heating purposes.  

To minimize the alarming issue of energy crisis, alternative and renewable resources 

of energy particularly electrical energy are required (Khalil and Zaidi, 2014). The 

system of electrical energy plays a vital role in reforming the modern society. At 

present industrial progress is a must for the development of any country. But the 

industrial growth depends on continuous and reliable supply of electricity. Modern 

societies are more aware about environmental issues. Environmental pollution is a 

severe threat to life on the earth. Consequently the use of green energy sources is 

spreading gradually all over the world (Awan and Khan, 2014). The two main reason 

of shifting from non renewable to renewable energy resources are the CO2 emissions 

and their harmful effects on global climate as well as the limited availability of non 

renewable energy resources like fossil fuels (Cappel, 2011). 

Sunlight, tides, wind, rain and geothermal heat are renewable resources of energy. 

Solar energy has a massive prospective to offer solution to the current energy crisis 

and is considered as the key factor for the future energy (Chinnammai, 2014). 

Utilization of solar energy produced from the sun and its conversion into electrical 

energy is the most significant technology for future green energy (Mozaffari et al., 

2015). 

1.3 Solar Energy Potential and the Scenario of Pakistan 

Economic and social strength of any country primarily depends on its energy 

accessibility (Asif, 2009). The territory of Pakistan is enriched with abundant 

renewable energy supplies like wind, solar, biomass, geothermal and hydro (Stokler et 

al., 2016; Asif, 2009) and if properly utilized, they can fulfill the entire energy 
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demands of the country (Zafar et al., 2018). Mirza et al. (2011) reported in their 

finding that the energy system of Pakistan needs to go through a revolution from 

fossil fuels to renewable energy resources and energy efficient green technologies. 

Solar energy is regarded as the most plentiful and permanent source of energy on 

earth. It can be used in both direct (solar radiation) and indirect (wind, ocean, hydro, 

biomass) forms. Solar energy is playing a fundamental role in paradigm shift which is 

needed for continuous energy supply (Bhutto et al., 2012). The surface of the earth 

receives about 100,000 TW of solar power every hour which is sufficient enough to 

supply energy needs of human beings for a year (Schiermeier et al., 2008). Solar 

energy, besides fusion has the largest potential to satisfy the global energy needs in 

future. From the 1.7 X 105 TW of solar energy that strikes to the earth's surface, a 

practical terrestrial global source potential value is estimated to be about 600 TW 

(McEvoy et al., 2012) which means that just one year of solar energy absorption 

provides twice as much energy as all of the current exhaustible resources combined 

(Morton, 2006).  

Pakistan is blessed with sufficient solar potential to fulfill its energy requirements, 

hence it is essential to utilize this renewable energy resource as an elucidation to 

mitigate energy crisis and environmental damage facing by the country. Solar energy 

is regarded as the most valuable and financially viable substitute of energy specially 

for remote areas Bhutto et al., 2012). In Pakistan, application of solar energy for 

electricity provision is gaining popularity. Therefore, research on solar appliances is a 

need of today. An insight into this with special reference to photosynthesis and 

transpiration of crops has been deemed essential as Pakistan is basically an 

agricultural country. As a result of availability of plentiful sunshine hours during the 

whole year, the reasonably-priced and proficient application of solar energy is 

expected (Gadiwala et al., 2013). 

Pakistan is located in the sun belt and own a 2.9 TW solar energy potential (Bhutto et 

al., 2012) so the country can take advantage of solar energy technologies. The Energy 

Information Administration (EIA) describes the daily solar energy potential for 

Pakistan as 1.93 MWh per m2 annually, which is in accordance with the desired 

values (Mirza et al., 2003). Baluchistan province of Pakistan is predominantly rich in 

solar energy. In Pakistan, the average amount of solar irradiations received by the 

earth surface in a single day is 5-7 kWh/m2 at 95% of its terrain (Sher et al., 2015).  
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1.4 Photovoltaic Technology and Third Generation Solar Cells 

Photovoltaic technology is predominantly striking out of all the solar renewable 

energy technologies for the direct conversion of sunlight into electrical power (Gong 

et al., 2017). Bhutto et al., (2012) described the issues and challenges linked in 

perspective of solar energy usage in Pakistan and stated that the most appropriate 

technology for using solar radiations is through photovoltaics (PVs). 

The widely used mono and poly crystalline solar cells are the first generation 

photovoltaics. Second generation silicon-based solar cells involve lengthy fabrication 

process and huge amount of silicon materials which made them highly expensive and 

they are not considered viable and environment friendly (Ludin et al., 2014). In 

contrast with conventional and expensive silicon-based solar cells, dye-sensitized 

solar cells also known as the third generation solar cells (3G) are particularly known 

as eco-friendly and cost effective photovoltaic devices due to the use of low-cost 

materials and easy fabrication procedure (Ludin et al., 2014; Hafez et al., 2018). 

DSSCs are anticipated to turn into the energy devices for next generation (Basheer et 

al., 2014). The exceptional performance of DSSCs in dispersed light conditions, 

working ability on broad scale with undemanding printing on glass in addition to 

flexible substrates that can be prepared with cheaper organic solvents and being 

environmental friendly with low production costs offers a promising tool in future 

photovoltaics (Lim et al., 2014; Sharma et al., 2017). 

1.5 Operating Principle of Dye-Sensitized Solar Cells 

A solar cell is a device used for the conversion of sunlight into electricity, based on 

the sensitization of wide band gap semiconductors (Alhamed et al., 2012). First and 

Second generation solar cells are not cost effective solutions. Third generation solar 

cells (also known as Dye-Sensitized Solar Cells) are the new promising technologies 

as compared to the other conventional energy sources and lots of work is being 

carried out in this area (Sharma et al., 2015). Silicon-based DSSCs were developed 

speedily in the 1950s for use in space and satellite technologies. The energy crisis of 

the 1970s, significantly enhanced the research and development for Photovoltaics 

(Razykov et al., 2011). 
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Dye sensitized solar cells are the most developed third generation solar cells. The 

absorption of light photon in DSSCs takes place in dye molecule layer (Michal and 

Julius, 2010). The basic principle of DSSCs was described by Michael Grätzel (1991) 

and has significant similarity to the natural phenomenon of photosynthesis. Just like 

the function of chlorophyll in plants, the dye molecules absorbs light following the 

generation of positive and negative charge carriers (O' Regan and Grätzel, 1991).  

 

Figure 1.1 Schematic Representation of a Typical Dye-Sensitized Solar Cell (DSSC) 

Later on, Ludin et al. (2014) acknowledged the basic working principle of DSSCs. 

The nanocrystalline TiO2 offers the obligatory surface area for dye absorption. The 

dye sensitizers collect photons and produce the excited electrons from the highest 

occupied molecular orbital (HOMO) in the ground state to the lowest unoccupied 

molecular orbital (LUMO) in the excited state as mentioned in equation 1. The 

electrons are separated from excitons and jump into the conduction band edge of 

nanocrystalline layer of TiO2, ZnO or SnO2. The dye molecules are then oxidized after 

losing an electron (equation 2). The injected electron travels through the thin film of 

TiO2 towards the anode and is concurrently extracted to the other end in the form of 

electrical energy (equation 3). 

At Anode:  

       S + hν → S*                      (Absorption of sunlight)       (1) 

       S* → S+ + (TiO2)               (Electron injection)   (2) 
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        2S+ + 3I– → 2S + I–3          (Regeneration)  (3) 

At cathode:    

        I–3 + 2e– (Pt) → 3I 

Sustainable and inexpensive energy supply is responsible for economic stability and 

progress of any country because of rapid increase in population, industrialization and 

urbanization (Wakeel et al., 2016). The need to get cleaner and cheaper source of 

renewable energy directed the researchers to pay more attention towards dye-

sensitized solar cells (DSSCs) which are also known as Grätzel cells (Obotowo et al., 

2016).  Photons from sunlight used to excite electrons of dyes, primarily metal 

complexes towards an elevated level of energy. Electrons are then transmitted to the 

conduction band of the wide band gap semiconductor (Hug et al., 2014). 

In contrast to the conventional silicon devices, Dye-sensitized solar cells (DSSCs) 

belongs to the third generation of photovoltaic devices that harvest light by using 

synthetic or natural dyes as sensitizing agents (Hagfeldt et al. 2010). Previously, solar 

cells involve a thicker layer of exclusive silicon to gather significant photons from 

sunlight. The chief advantages of DSSCs are the suppleness in design, color, precision 

and ability to perform under dispersed light conditions (Weerasinghe et al, 2013). Dye 

sensitized solar cells (DSSCs) or Grätzel cells were invented by O' Regan and Grätzel 

in 1991 have attracted considerable research interest due to their low cost, ease of 

fabrication and environmental friendliness (Sawhney and Satapathi, 2015). Moreover, 

DSSCs efficiently work even at low light conditions for instance at night or under 

cloudy weather conditions. The capability of solar cells to work under diffused 

illumination state makes them a first-rate option for indoor and outdoor applications. 

The first DSSCs was found to absorb visible light up to approximately 800 nm and 

the energy conversion efficiency 7.1% in 1991 to 13% in 2014 (Gong et al., 2017). 

Dye-sensitized solar cells happen to be a subject of intensive research in past two 

decades because of their primary importance with reference to energy conservation 

(Shalini et al., 2015). Numerous studies on dye-sensitized solar cells were carried out 

in recent years (Hamadanian et al., 2014). Dye-sensitized solar cells can be 

incorporated into wide range of indoor as well as portable products including solar 
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bags, chargers, solar keyboards and building-integrated photovoltaics (BIPV) such as 

solar roll-able gadgets for walls and windows (Jelle et al, 2012). 

1.6 Photo-Sensitizers for Dye-Sensitized Solar Cells 

Satapathi et al. (2014) worked on various photosensitizers and came to a conclusion 

that they play a vital role because of the ability to absorb visible light photons. 

Therefore, a considerable amount of research on DSSC has been paying attention on 

the design and optimization of photo-sensitizer in order to facilitate the absorption of 

a wide wavelength spectrum and improve the conversion efficiency of solar energy. 

The dye-sensitized solar cell fabricated by O' Regan and Grätzel using Ru bipyridyl 

complex resulted in 7.1% conversion efficiency (O' Regan and Grätzel, 1991). 

Commonly used Ru-based metallic and organic complexes such as N3 (red dye), 

N749 (black dye) and N719 have reported efficiency values η=8.2%, 10.4% and 

9.18% respectively (Nazeeruddin et al., 2003; Nazeeruddin et al., 1999). However, 

various kinds of photo-sensitizers for dye-sensitized solar cells (DSSCs) are 

categorized in Graphure 2.2. 

 

 

 

 

 

 

 

Figure 1.2 Categories of Photo-Sensitizers for DSSCs 

1.7 Importance of Natural Dyes over Synthetic dyes 

Dye-sensitized solar cells are emerging as the most promising low-cost photovoltaic 

technology, presenting "secure, clean and efficient solar energy conversion". A DSSC 
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using natural colorants have great potential for large scale applications because of 

simplicity and  economic feasibility especially when high efficiency is required under 

dim and indoor light conditions (Calogero et al., 2015). Ramanarayanan et al. (2017) 

defined plant pigment as a tinted chemical substance either produced or extracted 

from plant that absorb visible radiation in the range of 380-780 nm. On the basis of 

color, the plant pigments are classified as anthocyanins, chlorophylls, betalain and 

carotenoid. Dyes and pigments extracted from  natural sources are biological in nature 

and can be decomposed easily without causing any harm to environment (Chien and 

Hsu, 2013). Commercial high efficiency dyes like N719 are typically synthetic 

chemicals and comprises of heavy metals thus they cannot be considered as cost 

effective and eco-friendly. In contrast, dye extracted from natural resources for 

instance plants, animals and insects are under observation by several researchers and 

scientists as a bioresource product for a number of industrial applications such as 

textiles, edible food colorants, cosmetics and many others (Saadaoui et al., 2016). 

Use of synthetic dyes as sensitizer in DSSCs might enhance the efficiency and 

stability but also elevate the price of technology because artificial dyes entail organic 

solvents, multistep preparation procedures that require a lot of time. The trend 

towards the use of natural colorants as well as plant pigment based sensitizers that can 

be readily available and extracted from algae, vegetables, fruits, flowers and leaves 

with least and undemanding procedures are gaining popularity (Lai et al., 2008). The 

availability of natural dyes in large quantities, ease in extraction process, non-toxicity, 

environmentally friendly by-products and low cost of production are some incentives 

for the study of these colorants (Hug et al., 2014). Therefore natural dyes and their 

organic derivatives are ideal candidates for eco-friendly solar cells. Natural dyes are 

found in flowers, leaves and fruits, have been a popular research topic. Until now 

various natural dyes have been used as sensitizers in DSSCs, such as carotene and 

chlorophyll etc. (Cerda et al., 2016). 

1.8 Aims and Objectives 

The aim of the present study is the utilization of local and low-cost plant resources for 

the production environment friendly dye-sensitized solar cells. 

Keeping in view the objectives of the present study are: 
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 Development of cost effective methodology for sustainable energy solution. 

 Extraction of eco-friendly colorants from plant sources. 

 Estimation of photovoltaic properties of natural colorants. 

 Fabrication of Dye-Sensitized Solar Cells (DSSCs) and evaluation of their 

efficiency by means of solar simulator. 

 Contribution in overcoming the present state of energy crisis in Pakistan by 

providing an alternate energy solution. 

 Strengthen the socioeconomic status of Pakistan by providing alternative energy 

resource.  
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CHAPTER 2   

REVIEW OF LITERATURE 

Energy is mandatory for the socioeconomic development of any country (Zafar et al., 

2018). Utilization of energy indicates the prosperous lifestyle of any nation 

(Chinnammai, 2012). Energy is fundamental for all phases of human life cycle 

together with the access to vital requirements like education, employment, healthcare, 

industry and agriculture (Shakeel et al., 2016). The energy demand of the world is 

growing rapidly because of the advancement in technical and industrial sectors (Haq 

and Husnain, 2008). Energy crisis is a major confront for the development of 

economy of today's era (Yazdi, 2012). Primary sources of energy are fossil fuels 

including coal, oil and natural gas. However, all of them are nonrenewable energy 

resources and will soon be exhausted from the earth (Richhariya et al., 2017). It is 

estimated that fossil fuel reserves across the globe could last 40 years for oil, 60 years 

for natural gas and 200 years for coal (Gong et al., 2017). Fossil fuels are 

conventional and easy to access resources of energy but their consumption creates 

serious environmental issues. Fossil fuels combustion releases massive amount of 

carbon dioxide into the air which pollute the environment and alter the climatic 

conditions by causing global warming and ozone depletion (Ming et al., 2014). The 

dilemma of pollution as well as resource depletion is going to be worst unless cleaner, 

greener and sustainable technologies for the future are invented and implemented to 

reduce the usage of nonrenewable and polluting fuels.   

Out of all these resources, solar energy is most readily available and widely 

distributed as well as a cleaner source of energy (Oji et al., 2012). The concept of 

using solar energy for heating and lighting was considerate and started since early 

mankind (Jones and Bouamane, 2012). Solar power has a potential to produce 

electricity with no global warming effect, emissions and costs (Rogers and Wisland, 

2014). Solar energy provides an infinite potential to yield carbon-free and clean 

power (Schiermeier et al., 2008; Islam et al., 2014). The perspective of solar energy 

utilization has been widely considered by various scholars. A study revealed that in 

one hour, more energy from the sun was absorbed by the earth than was used by 

people in the whole year (Bhutto et al. 2012). 
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Among all the components of a typical dye-sensitized solar cell, the role of dye is of 

particular importance due to its ability to absorb solar radiation and its transformation 

into electricity (Adedokun et al., 2016). Metal complexes and synthetic organic dyes 

were enormously studied in past but research has now moved towards thin film 

photovoltaics because of the high cost and the environmental danger associated with 

these dyes. A number of studies explained that synthetic dyes particularly azo dyes 

are harmful for the well-being of health and environment (Ratna and padhi, 2012; 

Pereira and Alves, 2012). Synthetic dyes are allergic as well as carcinogenic (Siva, 

2007). Strict environmental policies had been compelled by many countries to reduce 

the use of synthetic dyes which led to a greater interest in the production and 

application of natural dyes (Kamel et al., 2005). 

Amao and Komori (2004) theorized that ruthenium polypyridyl complexes are used as 

sensitizer. These complexes consist of a heavy metal which is detrimental to the 

environment as well as of low availability (Kimpa et al., 2017). Dye performs a major 

role in DSSCs by absorbing sunlight and transmitting the photoelectron to TiO2 (Yin, 

2016). Synthetic dyes are also used as sensitizers for DSSCs but the procedures in the 

preparation and development of synthetic dyes as sensitizer usually engage multiple 

solvents, chemical reactions and prolonged purification processes thus making these 

dyes expensive to use on an industrial scale. There is a need to search for alternative 

photo-sensitizer for the use in photovoltaic devices due to high cost of noble metals. 

According to research work performed by Singh and Singh (2002), in 1996, Germany 

took the initiative as the first country to ban Azo dyes. 

Kingdom Plantae is a richest source of natural resources, dye is one of them (Siva, 

2007), however, natural dye can be obtained from plants, animals or minerals. In case 

of plants, all parts including root, bark, fruit, flower, seed, wood and leaf can yield 

dye. There are more than 500 color-yielding plants present in nature. These dyes have 

various applications and DSSCs is one of them. From the past 20 years, the main 

focus of the researchers is on natural extracts mainly anthocyanins, chlorophyll, 

carotenoids and tannins etc. (Yin, 2016). Dye-sensitized solar cells are now emerged 

as an innovative form of low-cost solar cells that involve easy preparation procedures 

without causing any damage to environment  (El-Ghamri et al., 2015). 
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Natural dyes have been studied extensively by many researchers in past to investigate 

the potential of these dyes to replace toxic, expensive and non-biodegradable 

synthetic organic and inorganic dyes. In a similar study, Fatima et al. (2017) selected 

Bistorta amplexicaule for the evaluation of dyeing properties, antimicrobial 

characteristics and toxicity to be used as a substitute of synthetic dyes. Two extraction 

methods were followed including maceration and sonication with 7.5% and 5% yield 

in the same order. Bright amber colored dye was obtained. After testing the extracted 

natural dye against a number of bacterial species, authors came up with a conclusion 

that natural dye of Bistorta amplexicaule has a potential to be used in place of 

synthetic commercial dyes. 

Organic dyes (Indigo, Cibalackrot, Vat yellow 1 and Vat orange 3) were also a subject 

of study by researchers and their optical and electro-chemical properties were 

evaluated through UV-Visible spectroscopy and cyclic voltammetry. Authors 

concluded that yellow 1 and orange 3 dyes presented more likeness towards electron 

and they can be considered as sensitizers for solar cell applications (Leonat et al., 

2013). Beni et al. (2018) investigated potential applications of carbazole dyes for dye-

sensitized solar cells. Carbazole dyes are synthetic organic dyes. The electron 

absorption properties were carried out theoretically with the help of density function 

theory (DFT). Theoretical results are in accordance with the calculated results. The 

absorption result of dyes on TiO2 film and adsorption energy of dyes indicates that 

they contain thiobarbutiric acid as an electron acceptor and are unable to produce high 

efficiency in solar cells. However, carbazole and alkyl groups can work as a bridge 

and electron donor. 

El-Ghamri et al. (2015) had revealed in their study that numerous natural dyes can be 

used as sensitizers for the dye-sensitized solar cells such as anthocyanin (Alhamed et 

al. 2012), tannin (Kamel et al. (2005), chlorophyll (Hao et al. (2006); Kumara et al. 

(2006) and carotenoid (Kishiomoto et al. (2005) with various conversion efficiencies. 

Anthocyanins belongs to the group of flavonoids and can be found in fruits, leaves 

and flowers. They range in color from red to blue and show high absorption peaks in 

the visible region of spectrum (Chien and Hsu, 2013; Brouillard. 1983).  

Grover and Patni (2011) extracted natural dyes from flowers of a medicinal plant 

Woodfordia fruiticosa L. Three different extraction methods were adopted to extract 
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dye from the floral parts of selected plant. The authors concluded that choice of 

extraction method and extracting solvents is of particular importance in obtaining 

natural dye of fast color. The naturally extracted dyes can be used for huge 

application in medical science known as chromo-therapy.  

Chein and Hsu (2013) worked on the optimization of DSSCs with anthocyanin 

pigment as photo-sensitizer. Red cabbage was selected for dye extraction. Dye was 

extracted by blending the deveined leaves. The extract was filtered, centrifuged and 

stored. The performance of fabricated DSSCs was assessed with variable pH values. 

Highest efficiency η= 1.098 of unpurified anthocyanin extract was achieved at pH 8.0. 

The performance of crude extract was better than purified extracts. A similar kind of 

study was performed by Al-Bat'hi et al. (2013) in which local plant species of 

Malaysia were used for natural dyes extraction. Leaves, roots and fruits were selected 

for dye extraction and DSSCs were fabricated using TiO2 thin film on ITO glass 

substrate. Structural properties of the dyes were also evaluated through X-ray 

diffraction technique. The maximum calculated conversion efficiency achieved under 

AM 1.5 irradiation was 1.5% from reddish purple colored Sumac/Rhus dye-based 

DSSC. The authors found the results considerably encouraging for future applications. 

Red amaranth (Amaranthus Tricolour L.) leaves extract as a light-harvesting pigment 

was a subject of study by Ramanarayanan et al. (2017). Deionized water and ethanol 

were the extracting solvents. The extracted dye that showed red to violet color with 

water was betalain and green colored dye obtained with ethanol solvent was 

chlorophyll. The chlorophyll dye exhibited higher efficiency value 0.53% followed by 

betalain dye η= 0.23%. 

Natural colorants extracted from plant seeds and fresh and dried raw materials were 

also scrutinized as photo-sensitizers for dye-Sensitized Solar Cells and various 

conversion efficiencies were achieved. Hao et al., (2006) selected five different types 

of plants to investigate the photosensitizing behavior of the dyes extracted. Results 

were investigated on the basis of configuration and properties of dye molecules which 

showed that black rice dye had the best values of photovoltaic parameters. The 

authors further described that the high efficiency of black rice extract is as a result of 

good interaction among carbonyl and hydroxyl groups of anthocyanin molecules in 

black rice extract. 



 
 

16 
 

Furukawa et al., (2009) worked on three plant species in order to compare the cost of 

fabrication of solar cells with highly expensive ruthenium metal complexes to the 

cells fabricated with natural dye extracts of red cabbage, curcumin and red-perilla 

plants. The reported conversion efficiency of DSSC fabricated with a mixture of red 

cabbage and curcumin dye was 0.6% which is more than the DSSCs fabricated with 

individual dye extracts. Major outcomes of the research work showed that the cost 

performance (Cost performance defined by [conversion efficiency] / [cost of dye]) of 

the red cabbage dye containing DSSC was 50 times higher than DSSC fabricated with 

ruthenium complex. 

Nandakumar et al. (2017) worked on the dye extracted from Hemigraphis colorata. 

The results of UV-Visible absorption spectroscopy and micro-Raman spectroscopic 

studies signified the presence of anthocyanin and beta-carotene in the extracted dye. 

Photovoltaic parameters were studied and 0.0065% energy conversion efficiency was 

achieved. The authors concluded that the above mentioned efficiency value is due to 

the presence of high concentration of anthocyanins (Nandakumar et al., 2017). 

Natural dye extracted from Rose Bengal showed the conversion efficiency of 2.09% 

(Roy et al., 2008).  

Patrocinio et al., attempted to study the efficiency as well as stability of natural dye 

containing DSSCs by using mulberry (Morus Alba Lam), blueberry (Vaccinium 

myrtillus Lam) and jaboticaba's skin (Mirtus cauliflora Mart). Aqueous extract of 

mulberry had the highest efficiency with Voc= 0.49V and Jsc= 6.14mA/cm2 values 

among all three extracted dyes. Total active area of the cell fabricated with mulberry 

extract was 16 cm2. Photoelectro-chemical parameters were evaluated for 14 weeks. 

The obtained results were compared with the DSSCs fabricated with ruthenium 

polypyridyl complex as sensitizers which were known for its highest stability. All 

cells showed similar stability under the investigated time period and the DSSC with 

mulberry extract was monitored and found operative till 36 weeks. Haryanto et al., 

(2014) fabricated DSSCs using annato seeds (Bixa orellana L.) extract of varying 

concentration as sensitizer and ethanol was used as extracting solvent. The data 

revealed that 50 gm concentration of annato seeds based natural dye presented high 

values of Voc and Jsc and ultimately highest efficiency value i.e. 0.05696%. 
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Calogero et al. (2015) reported conversion efficiency of natural DSSCs with red 

cabbage extract i.e. 2.9%. Red Turnip and wild Sicilian Prickly Pear showed an 

efficiency of 1.7% and 1.26% respectively (Calogero et al., 2010). Zhou et al. (2011), 

extracted natural dyes from 20 plant species by using their leaves, flowers and fruits 

for their application as sensitizers in DSSCs. Ethanol extract from the Mangosteen 

pericarp showed the efficiency of 1.17%. Lim et al., 2015 stated that the potential 

DSSCs based on natural dyes as photo-sensitizers had marked 4.6% efficiency using 

chlorophyll and 2.3% was obtained using Monascus Yellow dye as a sensitizer.  

Hambali et al., (2015) performed a study to extract natural dye from Malaysia local 

fruit 'Buah Mertajam' scientifically known as Eriglossum rubiginosum. Anthocyanins 

were extracted out from various parts of the plant through simplified method and cells 

were fabricated with the extracted natural dye that showed the conversion efficiency 

of 5.948%. The authors concluded that extracted natural dye has a huge potential to 

replace expensive, synthetic and non biodegradable dyes.  

Enciso and Cerda (2016) attempted to find out the possibility to utilize natural extract 

of Antarctic red algae as sensitizers for DSSCs. The extracts were prepared with 95% 

ethanol. Many species were studied but three algal species namely Iridaea obovata, 

Delesseria lancifolia and Plocamium hookeri showed considerable conversion 

efficiency values of 0.022%, 0.045% and 0.027% respectively. Among the three 

recommended algae species, Delesseria lancifolia had more concentration of 

phycoerythrin which could be the reason of higher efficiency comparative to other 

two species.  

Filamentous freshwater green algae (Cladophora sp.) were a subject of study by Lim 

et al. (2015). Chlorophyll and xanthophylls are extracted from single algal source and 

used to sensitize solar cells. Their performance was investigated as they work 

synergistically in nature. Ethanolic extract was prepared which contains chlorophyll, 

xanthophylls and a mixture of both then washed with acetone in 1:1 (v/v) ratio. 

Chlorophyll has two broader peaks at 420 and 645 nm while xanthophylls peak is at 

449 nm. Cocktail of the pigments gave a broader peak with 400-500 nm and 1.5 to 2 

times higher efficiency as compared to individuals pigments. Stability study was also 

carried out and chlorophyll dye without light exposure found to be more stable at 

ambient temperature (27 0C). 
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Abdel-Latif et al. (2015) extracted and analyzed natural dyes of 11 of three trees 

namely Olive, Lycium shawii and Zizyphus for dye-sensitized solar cell applications. 

DSSCs were fabricated with thin film of mesoporous TiO2 nanoparticles on FTO glass 

substrate. The UV-Visible spectra of all the extracted dyes were within 400 to 750 nm 

range. The maximum reported conversion efficiency 0.40% was achieved for 

Zizyphus leaves extract. However, the extracts of roots and barks revealed lowest 

response in terms of performance for dye-sensitized solar cells. 

Leyrer et al., studied the potential of anthocyanin enriched Maqui berry's extract. The 

aqueous extract of Maqui berry was accessed at two different concentrations of 750 

and 1500 anthocyanin/L. The extract with high concentration of anthocyanins showed 

better performance due to strong affinity of anthocyanins with TiO2 particles. 

Photocurrent increased with increasing concentration. The incident photon to current 

efficiency of 750 mg/L and 1500 mg/L was reported as 0.14% and 0.19% respectively 

under 100 mW/cm2 standard AM solar irradiation at 25°C temperature. 

Radwan et al. (2017) worked on plant roots and extracted dyes from purple carrot, 

beet and curcuma. The incident photon to light conversion efficiency of purple carrot 

was highest among all extracted dyes i.e. 0.32%. However, by optimizing temperature 

value to 323.15 °K and decreasing pH value from 7.4 to 2.8, the efficiency value of 

0.6% was achieved which is a result of enhanced charge transfer and insertion within 

photoanode.  

Nwonye and Ezema (2017) made leaves of Guinea Corn plant as the source of natural 

dye and to incorporate the extracted dye in various applications. The extraction was 

carried out using various solvents and different extraction procedure were adopted to 

find out the most economic as well as environmental friendly way of extracting dyes 

and pigments from plant leaves. Wine red colored dye was obtained through soxhlet 

extraction technique which is a proficient technique to extract dye from solid 

materials. The dye can be used as a photo-sensitizer for DSSCs. 

Ganta et al., (2017) reported that the natural extracts of plants that are abundant in 

nature and can survive in hot climatic conditions with nominal availability of water 

and sunlight. The selected plants were thornless prickly pear Cactus (Opuntia ficus-

indica) and Aloe Vera (Aloe barbadensis Miller). The cladode of Cactus and gel of 
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Aloe Vera was used for dye extraction in ethanol. FTIR and UV absorption 

spectroscopic studies were performed to investigate the potential of dyes to be used as 

photosensitizers. The TiO2 coated FTO glass slides were used for dye adsorption and 

fabrication of DSSCs. The dye was adsorbed on the working electrode individually 

and side-by-side. The DSSC Sensitized with Cactus presented highest conversion 

efficiency 0.74%, Aloe Vera showed efficiency value of 0.38% and Cactus (Cladode) 

and Aloe Vera (Gel) side-by-side gave efficiency 0.5%. 

Plant waste materials such as peels of various fruits and vegetables are also a subject 

of study for natural dye extraction and solar cell fabrication. Ashok et al., (2018) used 

jack fruit rags which are considered as a surplus and discarded material. Natural dye 

solution in methanol was extracted from rags by simplified procedure. Photo-

absorption of the diluted reddish brown dye solution was analyzed through UV-

Visible spectrophotometry and promising results were achieved with an increase in 

absorbance values by increasing the concentration of dye molecules in solution. The 

jackfruit rags based dye-sensitized solar cells resulted in efficiency value of 1.07% 

that makes the dye a promising candidate for DSSCs applications.  

Many experiments were carried out in order to address the stability issue of DSSCs 

(Lim et al., 2015). Martinez et al., (2013) worked on beetroot (Beta vulgaris) extract 

(BEV) with and without tetraethylorthosilicate (TEOS) to check and enhance the 

stability of solar cells. Results showed an improved lifetime of DSSCs by using 

BVE/TEOS dye which proved to be a promising substitute to natural dyes with 

shorter life span.  

Many researchers worked on the combination of dyes and the phenomenon of co-

sensitization (Cho et al., 2014; Pratiwi et al., 2017). Chou et al., (2014) studied four 

different vegetable extracts for the fabrication of DSSCs. The purpose of study was to 

trim down the cost of conventional DSSCs. The effects of variable concentration of 

dye on the efficiency of solar cells were observed. Results showed that mixture of 

sweet potato and grape dye extract with a volumetric ratio of 1:1 presented the highest 

conversion efficiency of 0.17% with the highest short-circuit current density 0.53 

mA/cm2. Chlorophyll dye extracted from sweet potato leaf exhibited efficiency value 

of 0.931% while anthocyanin dyes from blueberry showed an efficiency value of 

0.722%. However, best results were obtained by blending sweet potato leaf extract 
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with blueberry dye in a volumetric ratio of 1:1 with 40% weight concentration and 

50oC temperature setting. The maximum photoelectric conversion efficiency (𝜂) 

1.57% was reported with highest open circuit voltage value Voc=0.61 V and high 

short-circuit current density value Jsc= 4.75 mA/cm2. 

Cakar et al., (2016) worked on vegetable tannins and made iron complex of the dyes 

as the focus of research. Thin films of ZnO nanoparticles were used as a photoanode. 

The vegetable tannins including Turkish valonea, Sweet chest nut, Mimosa and 

Quebracho along with their iron (Fe) complexes were as photo-sensitizer for DSSCs. 

FTIR and UV-Visible absorption spectroscopic studies of dyes were carried out. 

HOMO and LUMO energy levels and band gap were also calculated. The highest 

solar cell efficiency values of valonea and Fe-valonea were 0.58% and 0.99% 

respectively. The Fe-valonea and Fe-chestnut based DSSCs illustrate highly flattering 

electron injection and charge recombination hence responsible for effective electron 

capture that is partially accountable for enhanced photocurrent and better solar cell 

efficiency. 

Nan et al., (2017) experimented with Trollflower and Cypress leaves extract. 

Anthocyanins were extracted from Trollflower while cypress leaves were used to 

extract chlorophyll. A co-sensitizer dye extract was made by mixing variable ratio of 

anthocyanin and chlorophyll in an ultrasonic bath for 30 min at 30°C. Optical 

properties of mixed dye showed a broad and improved absorption between 300-

700nm. Electro-chemical characterization with a ratio of 2:5 (Anthocyanin: 

Chlorophyll) exhibited an enhanced electron injection and regeneration and the 

conversion efficiency value of 0.22% was achieved which indicates the success of co-

sensitization phenomenon.  

Kimpa et al., (2017) made flame tree flower (Delonix regia) and pawpaw leaf (Carica 

papaya) the focus of their study. Flame tree flower was used as a source of 

anthocyanin while pawpaw leaves were used as a source of chlorophyll. The photo-

physical, electro-chemical and photovoltaic performance of extracted dyes were 

evaluated. The JV characteristics of flame tree flower extract showed conversion 

efficiency η= 0.80% with the Voc = 0.5249 mV while Jsc= 44.6191 mA/m2. 

Conversion efficiency of chlorophyll dye from pawpaw leaf was 0.27% while Eli et 

al. (2016) reported η= 0.022%. In case of mixed dye (anthocyanin: chlorophyll) with 

the ratio of 1:2 and 1:4, the efficiency values were 0.23% and 0.26% respectively. The 
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absorption intensity of flame tree flower extract is higher and it showed better charge 

transfer capability hence proved to be a good option for application in DSSCs. 

Gomez-Ortiz et al., investigated the application of natural extracts from the seeds of 

achiote shrub (Bixa orellana L.) in dye-sensitized solar cells. Dark red extract of 

achiote seeds has the high absorption coefficient in the visible region of spectrum 

within 400 to 550 nm. Ethyl acetate solution of dye was purified by thin layer 

chromatography. Bixin and norbixin dyes were obtained and analyzed through FTIR. 

The maximum absorption coefficient values obtained through Bixin were reported as 

13 times higher than the conventional Ruthenium-based dye N-719. Extracted dyes 

were adsorbed on pretreated TiO2 as well as ZnO thin films. Bixin-sensitized TiO2 

cells resulted in 0.53% efficiency value with ff=0.60. The conversion efficiency 

values attained with TiO2 are comparatively higher than ZnO. 

Fruits and vegetables wastes also proved as a good source of natural photo-sensitizer 

for DSSCs. Maiaugree et al., (2015) extracted the dye from mangosteen peels which 

is an inedible part of fruit. In addition to naturally extracted dye as photo-sensitizer, 

the counter electrode was also made with carbonized mangosteen peel waste. The 

extract was prepared by drying and milling of fresh mangosteen peels for 3-5 days. 

10gm peel powder was soaked in 100mL acetone and stirred for 12 hours at room 

temperature. Extract was filtered and stored under dark at 5°C. Counter electrode was 

also prepared by carbonizing dried fruit peels at 850°C for 2 hours in argon ambiance. 

The pieces of dried mangosteen fruit peels were attached to FTO glass. The 

absorption spectra of extract were within the range of 350-680 nm. The reported 

conversion efficiency of mangosteen peel as a sensitizer with mangosteen peel 

counter electrode was 2.63% that proved to be higher than pt electrode η= 1.47%. 

This indicated the potential of organic waste for application in DSSCs.  

A significant and lot of research has been focused on DSSCs designing and 

optimizing the photo-sensitizers in order to absorb a wide spectrum of wavelengths 

and increase the efficiency of the solar energy conversion (Hardin et al., 2012). 

Mansa et al., (2014) selected the bright red colored flower Hibiscus rosa-sinensis as a 

source of dye extraction. The acidified ethanol extract of petals of H. rosa-sinensis 

yield an absorption peak at 516 nm that showed the presence of anthocyanins in 

extract. Outdoor measurements obtained through the J-V curve by using Aeroxide P25 

TiO2 resulted in efficiency value η= 0.11%. Eli et al. (2016) also reported the 
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conversion efficiency from a different species of hibiscus flower known as roselle (H. 

sabdariffa). The extracted dye gave a short circuit current density Jsc= 0.180 mA/cm2, 

open circuit voltage Voc= 0.47V, fill factor ff= 0.552 and η= 0.046%. Syafinar et al., 

(2015) also worked on optical characterization of hibiscus flower extract and a broad 

absorption peak in visible region of spectrum was reported. The present study will be 

an attempt in the same direction. 

Stability of DSSCs is a topic of major concern. Various studies were carried out to 

deal with the issue of instability of dye-sensitized solar cells. Suyitno et al., (2015) 

selected papaya leaves as a source of natural dye to investigate the stability and 

efficiency of dye-sensitized solar cells. The comparison was made between natural 

dye extracted from papaya leaves and synthetic dye N719 and results of study showed 

that the highest reported efficiency obtained by using natural dye was 0.28% at 

pH=3.5 whereas N719 dye-based solar cells had efficiency value of 0.87%. However, 

addition of benzoic acid (pH=3-4) enhanced the performance and efficiency of papaya 

leaf dye-based solar cells to 3 - 4 times and overall stability of the cell was also 

improved. 

From the last few years, significant efforts have been done to utilize chlorophyll 

extract as a light harvesting pigment for DSSCs (Kay et al., 1994; Amao and Komori, 

2003). Chlorophyll has the potential of acting as a photo-sensitizer for dye-sensitized 

solar cells (Shanmugam et al., 2015). Three grass species namely Hierochloe odorata, 

Torulinium odoratum and Dactyloctenium aegyptium were selected for the study and 

they extracts showed promising results. HO grass dye had the highest efficiency value 

η = 0.46% followed by TO and DA grass dyes where the efficiencies were 0.32% and 

0.24% respectively. The authors concluded that high efficiency value to HO dye 

based DSSCs is the result of improved binding and of dye molecules with 

nanocrystalline layer and vast charge transfer resistance at TiO2-dye-electrolyte 

periphery. 

Hosseinnezhad et al., 2018, were considered the four natural dyes based assembled 

DSSCs. The dyes were extracted from four plants of Iran including Celosia cristata, 

Saffron petals, Cynoglossum and Eggplant peels. The dyes were extracted by vacuum 

drying the cleaned samples followed by maceration with ethanol for 48 hours. 

Absorption spectra of three selected dyes except saffron dye showed broad peaks 

while saffron dye exhibited three distinguished peaks. Cynoglossum dye had 
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maximum absorption wavelength value of  573 nm. Photovoltaic properties were also 

investigated by measuring J-V curves under standard global AM 1.5 solar irradiation. 

Power conversion efficiencies of individually applied dye for DSSCs were lower than 

2% while co-sensitization enhanced the energy conversion efficiency. 

Sahu et al., (2017) made a comparison by fabricating DSSCs with synthetic as well as 

natural dyes. Natural dyes were extracted from four fruits. The juice was extracted 

and macerated with water followed by filtration. Synthetic dyes were prepared by 

using powdered Ru-based metal complex with ethanol. UV-Visible spectroscopic 

analysis showed that ruthenium based synthetic dye has strong absorption in the range 

of 450 nm to 700 nm while natural dyes like strawberry and beetroot have peaks at 

416 nm and 500 nm correspondingly. J-V characteristics showed the efficiency value 

for synthetic dye η= 5% while 1.5% conversion efficiency value was achieved for 

beetroot dye however the authors are optimistic in designing a low-cost natural 

DSSCs with minor alterations in experimental design. 

In a similar study conducted by Kafle et al., (2014), ethanolic extracts of various 

natural as well as synthetic (commercial) dyes were considered for solar cell 

application. Their optical transmittance values were within the range of 310-900 nm. 

Results revealed that all natural dye samples have poor absorbance in the visible 

region of the electromagnetic spectrum except a herb root Maharanga bicolor which 

showed a broader peak at 500nm. Rotational and vibrational transitions were also 

observed along with electronic transitions. Commercially used dyes namely Patent-

blue, Green-VS and Black-ADLI have strong absorption and wider peaks but they 

need rigorous methods of production and purification and can cause serious 

environmental damage. Maharanga bicolor is a good alternative in terms of price and 

environmental friendliness. 

Kafle et al., (2014) also fabricated natural DSSCs using ZnO nanoparticles in another 

study. ZnO films of assorted thickness were deposited on FTO glass. Both synthetic 

and natural dyes were adsorbed on surface of nanoparticles. Thickness dependence 

transmittances were investigated. Solar cells were checked in real sun conditions at 

930W solar irradiation power. The calculated photo-voltage and photo-current values 

were 230 mV and 25 µA respectively.  
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Ahmad et al., (2017) reviewed various fabrication methods and photoanode materials 

like TiO2 and ZnO to study their suitability in order to obtain the best efficiency for 

DSSCs. Use of TiO2 nanoparticles for the fabrication of DSSCs is a grown-up 

technology now a days. The authors reported that from 2000 to 2017 an estimated 

number of 13,379 research articles with TiO2 and DSSCs keywords have been 

published when analyzed scopus and science direct data sources. Cost-effectiveness 

of natural DSSCs was also scrutinized. 

Natural Dyes, their extractions methods and applications for DSSCs, their efficiencies 

and use of membranes as protective layer and electro-chemical water splitting have 

been studied in detail by Jaafar et al., in 2017. According to the authors, natural dyes 

and pigments can be extracted by either alcoholic or aqueous extraction techniques. 

However, aqueous extraction is not recommended for certain pigments because of 

their solubility in water. Different methods can be incorporated for protecting dye and 

increasing their efficiency. One such method is utilization of catalyst other than TiO2 

to adsorb dye molecules. A dye stabilizer can be used to protect the dye layer. 

A series of natural dyes were extracted by Hamadanian et al., (2014). The selected 

plants were Reseda luteola, Berberis integerrima, Panica granatum Pleniflora, 

Consolida orientallis, Reseda gredensis, Clemetis orientalis, Adonis flammea, Salvia 

sclarea and Consolida ajacis. Optical characteristics of the extracted natural dyes 

were evaluated. Delphinidin is the main pigment present in many of the natural 

extracts which is responsible for better light absorption and it has a strong bonding 

with TiO2 particles. C. ajacis had the highest delphinidin content in its extract thus 

resulted in better efficiency η= 0.6% as compared to other dyes under solar irradiation 

of AM 1.5 simulated sunlight. The Jsc value of C. ajacis dye was 1.68 mA/cm2, Voc= 

0.55 V and Fill Factor ff = 65%. 

Pablo et al., (2016) constructed dye-sensitized solar cells with natural pigments. The 

properties of various natural sensitizers had been analyzed namely blackberries, 

hibiscus, spinach as well as grass. The interaction among anthocyanin and charge 

transfer was observed. Out of all the tested natural dyes, blackberry dye showed 

highest efficiency and constancy when dealing with the phenomena of energy 

absorption. This is because of the presence of rich content of anthocyanin in 

blackberry extract. Anthocyanin has strong anchoring properties with the 

semiconductor thus responsible for more positive results. 
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Tea catechins had been extracted from green tea leaves and studied in details for their 

application in DSSCs (Dey et al., 2016). A sequence of steps were involved including 

treatment of raw materials, separation of tea components from tea leaves, 

concentration of constituents to get crude extracts, removal of impurities from tea 

catechins and lastly drying of catechins. Perovskite material i.e., CH3NH3Pbl3 was 

synthesized by adopting the standard method. UV, XRD, SEM and FTIR were the 

main characterization techniques for natural extracts. The efficiencies were analyzed 

separately with perovskite solar cells and combination of perovskite and biomolecule 

solar cells with values 3.16% and 4.27% respectively. They concluded that tea 

catechins enhanced the concentration of carbonyl and hydroxyl group resulted in 

decreased solar cell porosity and they also acted as charge carriers. 

Sashank et al., (2017) worked on variable thickness of TiO2 mono-crystalline layer to 

enhance the efficiency of DSSCs by using natural pomegranate dye. Screen printing 

technique was used to deposit TiO2 paste on the FTO glass slides of 2x2 cm2. 

Increased thickness of nanostructured TiO2 paste increased the surface area of the cell 

and hence leading to better light absorption. J-V characteristics of the cells were 

evaluated under three different cells of TiO2 nanoparticles thickness of 0.34 mm, 0.23 

mm and 0.18 mm. Outcomes of the experiment showed that as time increased the 

voltage went on decreasing unless the redox electrolyte kept constant. By increasing 

the electrolyte amount, no more variations in voltage were observed. 

Karakus et al., (2017) selected two different flower species (Pelargonium hortorum 

and Pelargonium grandiflorum) of the identical genus in an attempt to study electro-

chemical properties of the extracted dyes. The solid dyes were dissolved in ethanol for 

fabrication of DSSCs. FTO glass substrate were pretreated and TiO2 paste was 

deposited over it. The slides had an active area of 0.36cm2 with 20µm thickness. The 

electro-chemical characteristics were investigated by single and double diode models. 

GS-MS technique was used to evaluate dye constituents. Gallic acid is the main 

component present in the dyes. The amount of gallic acid in extracts determines 

photoanode and series resistance. 

Several studies were carried out to investigate anthocyanin and other pigments 

responsible for color formation among fruits and vegetables. Liang et al., (2014) 

studied four varieties of grapes for their anthocyanin and flavonol contents which 

were greatly used from past many years for color. Anthocyanin was extracted from 
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grape skin by following the reported method of He et al., (2010). The authors 

concluded that environmental factors including altitude, temperature of the region and 

precipitation are the key factors responsible for anthocyanin contents in grapes.  

Anthocyanin dye extracted from barks of Kopsia flavida fruit was studied by 

Nishantha et al., (2012). Dye-sensitized solar cells were fabricated where the 

functional group was attached on the oxide semiconductor film resulted in Jsc=1.2 

mA/cm2, Voc= 520 mV and ff= 0.62. Ludin et al., (2014) explained in a review paper 

that anthocyanin molecules have carbonyl and hydroxyl groups attached to the surface 

of the semiconductor TiO2 layer which results in better excitation and charge transfer 

from the photo-sensitizer to the conduction band of the TiO2 nano-porous layer. 

Li et al., (2013) selected methanolic extract of red cabbage for photoelectro-chemical 

study. The DSSCs were fabricated using ITO glass to deposit TiO2 nanoparticles. 

Absorption spectrum was measured using different percentages of extracted dye and 

the highest peaks were achieved using 550 nm at 410 nm. Cyclic voltammetry was 

also performed at 1%, 2%, 5% and 100% concentrations of dye using glassy carbon 

electrode (GCE) and satisfactory results were achieved. 24 hours immersion of TiO2 

thin film into dye solution showed best efficiency η= 2.9%. The authors found red 

cabbage dye extract suitable for the application as photo-sensitizer for DSSCs.  

A comprehensive study was conducted by Torchani et al., (2015) on Henna and 

Mallow (Mloukhya) plants. These plants are widely distributed in Tunisia. Henna is a 

herb used traditionally to color hair and skin while mallow is vegetable. Natural dyes 

were also extracted from beetroot, spinach, strawberries and red cabbage. UV-Visible 

spectroscopy was used to analyze the ethanolic extracts of the dyes. The absorbance 

was recorded between 400-800nm regions. Solar simulator studies were carried out to 

investigate the performance of these dyes for DSSCs. J-V curves were obtained which 

were used to obtain short circuit current density (Jsc) and open circuit voltage (Voc) 

values. Fill factor and efficiency was also calculated for each dye. The authors came 

to the conclusion that higher conversion efficiencies could not be achieved by using 

natural dye extracts because of the unavailability of free bonds among dye and TiO2 

film however the interaction between dye and TiO2 is considerable in enhancing the 

conversion of the solar cells. The best photoelectric conversion efficiency was 

achieved by mallow dye η=0.215. 
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Flower petals of Ixora coccinea and Bougainvillea sp. were selected for natural dye 

extraction in a study conducted by Lim et al., (2016). Individual dyes as well as a 

mixture of both dyes (1:1 v/v) were used as a dye sensitizer for solar cell fabrication. 

Anthocyanin and betalain were the principal pigments extracted from these plants. 

The absorption spectra were reported between 350-800 nm ranges. The dyes were 

further characterized through IPCE and cyclic voltammetry. Ixora coccinea dye 

extract showed better efficiency value η=0.76% followed by cocktail dye (1:1 ratio) 

η=0.40% and Bougainvillea sp. η=0.21%. Co-dominant effect was observed in the 

mixture of dyes which leads to high open circuit voltage value. 

Choice of solvent for natural extraction is of particular importance in order to obtain 

required results. Researchers worked on a variety of solvents mainly depend on their 

polarity index. Chien and Hsu (2013) selected leaves of red cabbage (Brassica 

oleracea) for water-based dye extraction and dye optimization as a photosensitizer for 

dye-sensitized solar cells. The water-soluble anthocyanins were extracted from red 

cabbage leaves tested at various concentrations and pH conditions. The most 

promising incident light to electrical energy conversion efficiency was achieved at pH 

8.0 with 3mM concentration. They further purified the extracted anthocyanins and 

fabricated the solar cell with resulted extract. They conclude that purification removes 

the impurities which acts as co-pigments with anthocyanins and helps the conversion 

of photons to electricity. DSSCs fabricated with purified extracts showed a decrease 

in overall conversion efficiency. Therefore, by keeping in mind the findings of such 

past studies, crude extracts of various plants were chosen in order to check their 

probability of working as a photo-sensitizer for DSSCs. 
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CHAPTER 3 

MATERIALS & METHODS 

The present research was carried out to evaluate the potential of natural dyes extracted 

from locally available plant materials for the Dye-Sensitized Solar Cells (DSSCs). 

The Dye-Sensitized Solar Cells are recognized for producing low-cost electricity from 

the Sun. Among all the five components of DSSCs, dye which acts as a photo-

sensitizer plays a vital role for sunlight to energy conversion by absorbing photons 

from sunlight to excite electrons. Natural dyes can be isolated from a number of 

natural resources including plants parts, animals’ skin and algae. The extracted dyes 

were used to assess their potential as photosensitizers through UV-Visible 

spectrophotometry and cyclic voltammetry techniques. The current-voltage curves 

were also plotted to check the efficiency of DSSCs. The research work was started in 

March 2016. Final results after fabrication of DSSCs were obtained in September 

2017. Extraction of natural dyes was carried out in Applied Chemistry Research 

Center, Pakistan Council of Scientific and Industrial Research, Laboratories Complex, 

Lahore. UV-Visible spectrophotometry was carried out at Central Laboratory, Lahore 

College for Women University, Lahore. Electro-chemical analyses were carried out at 

the Department of Chemistry, Quaid e Azam University, Islamabad. Fabrication of 

DSSCs and Solar Simulator studies were performed at Department of Physics, 

Forman Christian College, Lahore. 

The study plan was divided into three phases. 

PHASE I  

3.1 Selection of Study Area 

Lahore city was selected for study. Lahore city is the capital of Punjab province and 

also ranked as the second largest city of Pakistan. It is the major city of Punjab which 

in known as "The City of Gardens". Lahore is also regarded as the cultural, 

educational, political, economic, entertainment and transportation hub (Faiza and 

Tabassum, 2009). Lahore is located between 74° 20′ 37″ E and 31° 32' 59″N latitude 

and longitude respectively covering an area of 1,772 km2 (Saima et al., 2016). The 

climate of study area is semi-arid; the months of June and July are hottest with 40oC 

to 48 oC as average temperature range.  



 
 

29 
 

 

3.2 Selection of Plants 

The information was gathered about local natural flora including flower species and 

locally grown fruits, vegetables and herbs species by visiting Jinnah garden, Lahore. 

Various plants were selected on the basis of color they yield. Whole plant and a range 

of parts of plants including seeds, peels/skin, leaves, roots and flowers were taken into 

consideration. Plants were selected on the basis of expected color of the dye (Red, 

Purple, Reddish brown & Pure black). Selection of different plants for dye extraction 

was based on the following criteria: 

 Easily and abundantly available local plants  

 Economically cheaper plants   

 Plants that are commercially easily viable 

 Plants those are compatible with variety of soil types and climates. 

After primary screening, plants that yield darker colored dyes were chosen for further 

investigations (Table 3.1; Plate 1-25)  
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Table 3.1  Data of Selected Plants for Dye Extraction 

Code Botanical Name of Plant Local Name of Plant Family Name 

D1 Hibiscus rosa-sinensis L. Shoe Flower Malvaceae 

D2 
Brassica oleracea var. capitata 

L. 
Purple Cabbage Brassicaceae 

D3 Celosia argentea L. Cock's Comb Amaranthaceae 

D4 Rosa damascena Mill. Red Rose Rosaceae 

D5 Rosa macdub L. Yellow Rose Rosaceae 

D6 Rosa macdub L. Table Red Rose Rosaceae 

D7 Lycopersicon  esculentum Mill. Tomato Solanaceae 

D8 Ribes nigrum L. Black Currant Grossulariaceae 

D9 Prunus domestica L. Plum Rosaceae 

D10 Punica granatum L. Pomegranate (seeds) Punicaceae 

D11 Punica granatum L. 
Pomegranate (Thick 

Peels) 
Punicaceae 

D12 Vitis vinifera L. Red Grapes Vitaceae 

D13 Phoenix dactylifera L. Date Palm Areaceae 

D14 Malus domestica L. Borkh Apple Rosaceae 

D15 Solanum melongena L. Egg Plant Solanaceae 

D16 Punica granatum L. 
Pomegranate (Thin 

Peels) 
Punicaceae 

D17 Semecarpus anacardium L. f. Marking Nut Chenopodiaceae 

D18 Raphanus sativus L. Red Radish Brassicaceae 

D19 Beta vulgaris L. Beetroot Brassicaceae 

D20 Daucus carota L. Red Carrot Apiaceae 

D21 Rubia tinctorum L. Madder Rubiaceae 

D22 Alkanna tinctoria L. Alkanet Boraginaceae 

D23 Spinacia oleracea L. Spinach Amaranthaceae 

D24 Crocus sativus L. Saffron (red) Iridaceae 

D25 Crocus sativus L. Saffron (Brown) Iridaceae 
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3.3 Identification of Suitable Plants 

Twenty five plants were selected for the study (Table 3.1). Identification and 

authentication of plant species was performed by reviewing the Flora of Pakistan 

(Stewart, 1982) and confirmed by a renowned taxonomist of Pakistan, Prof. Dr. 

Zaheer-ud-din Khan (Government College University, Lahore). Plant voucher 

specimens were deposited in Prem Madan Herbarium, Lahore College for Women 

University, Lahore.  

3.4 Sorting and Coding of Selected Plants 

All the samples were coded as D1 - D25 for further process. All plants were further 

divided into six categories (A-F) on the basis of part of plants used for dye extraction.  

These are as follow: 

A. Petals 

B. Peels/skin/pulp 

C. Roots (bulb/dried) 

D. Leaves 

E. Seeds 

F. Stamens 

Raw plant samples from D1-D25 of all categories (A-F) prior to pretreatment and dye 

extraction are depicted from plates 1-25. Every plant sample had gone through all 

phases of extraction and characterization individually. 
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Table 3.2  Sorting and Categorization of Plants Collected for Dye Extraction 

Categories   
Plant  

Code  Color of Plant Part 

A 

 
 

Flower/Petals 

H. rosa-sinensis  

B.oleracea var. 

capitata 

C. argentea  

R. damascena 

R. macdub  

R. macdub  

D1 
D2 
D3 
D4 
D5 
D6 

Red 
Deep Red/Purple 
Reddish Orange 
Red 
Yellow 
Red 

B 

 
 
 
 

Fruit  
(Peels/Skin/Pulp/See

ds) 

L. esculentum 

R. nigrum 

P. domestica 

P. granatum 

P. granatum 

V. vinifera 

P. dactylifera 

M. domestica 

S. melongena 

P. granatum 

S. anacardium 

D7 
D8 
D9 
D10 
D11 
D12 
D13 
D14 
D15 
D16 
D17 

Red 
Purple 
Deep Red 
Red 
Brownish Red 
Red Purple 
Yellowish Brown 
Red 
Dark Purple 
Brownish Red 
Black 

C 

Root (bulb/skin) 

R. sativus 
B. vulgaris 

D. carota  

D18 
D19 
D20 

Red 
Dark Purple 
Red 

D 

Herbs 

R. tinctorum 
A. tinctoria 

D21 
D22 

Red 
Reddish Brown 

E 

Leaves 
S. oleracea D23 Green 

F 

Stamens 
C. sativus 

C. sativus 
D24 
D25 

Red 
Brown 

3.5 Extraction of Colorants from Plants 

A number of techniques can be incorporated for natural dye extraction from plants. 

Most commonly used and reported techniques are maceration and soxhlet extraction. 

Maceration is a process of extracting natural dye from plant material in which 

chopped or grinded samples are allowed to soak overnight in an appropriate solvent in 

airtight bottle/jar (Nwonye and Ezema, 2017). The maceration is either cold or hot.  

3.5.1 Cold Maceration  

The method of cold maceration was performed by mixing the plant with the organic 

solvent either methanol or ethanol (A.R. grade, 99.9%, Merck). The mixture was left 
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overnight at room temperature while shaking or stirring occasionally. Final extract is 

obtained by filtering the sample (Grover and Patni, 2011). The extraction of natural 

colorants was done by previously reported method by Simon and Helliwell , (1998); 

Fatima et al. (2017) followed by filtration. Extraction of natural extract was followed 

by concentration through distillation to get crude and concentrated extracts.  

3.5.2 Pretreatment of Plant Samples for Maceration  

The fresh plant materials were washed thoroughly with distilled water in order to 

remove dirt and impurities that can affect the dye extracts. For flower samples, the 

petals were separated from buds and pollens. Well-cleaned plant samples including 

petals, fruit and root peels, leaves, pulp were finely chopped into small pieces with 

knife. Roots of R. tinctorum and A. tinctoria were not easily pulled and not easy to 

handle, so these samples were purchased from local medicinal (Pansari) shop in dry 

form; crushed and grinded into fine powder after cleaning. C. sativus was not 

available in sufficient  amount, it also purchased from local medicinal shop 

3.5.3  Maceration and Filtration  

Maceration technique as adopted because it does not require specific apparatus like 

soxhlet. According to the reported method (Grover and Patni, 2011; Senthil et al., 

2014; Nwonye and Ezema, 2017), 250gm of cleaned plant sample was soaked 

completely in 1.5L of pure solvent with few drops of concentrated nitric acid. All 

plants samples were soaked in similar manner. The soaked samples was placed in 

amber colored bottles for 24 hours at room temperature. The residual solids were 

filtered with Whatmann 21 filter paper. Three solvents were selected for maceration 

technique on the basis of polarity index of organic solvents. The selected solvents 

were Methanol, Ethanol and Dichloroethane. 
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Table 3.3 Solvent Selected for Maceration Technique 

Code Samples Solvent used for Extraction 

D1-A H. rosa-sinensis Ethanol 

D2-A B.oleracea var. capitata Ethanol 

D3-A C. argentea Ethanol 

D4-A R. damascena Ethanol 

D5-A R. macdub Ethanol 

D6-A R. macdub Ethanol 

D7-B L. esculentum Methanol 

D8-B R. nigrum Methanol 

D9-B P. domestica Ethanol 

D10-B P. granatum Ethanol 

D11-B P. granatum Ethanol 

D12-B V. vinifera Ethanol 

D13-B P. dactylifera Methanol 

D14-B M. domestica Methanol 

D15-B S. melongena Methanol 

D16-B P. granatum Methanol 

D17-B S. anacardium Dichloroethane 

D18-C R. sativus Methanol 

D19-C B. vulgaris Ethanol 

D20-C D. carota Ethanol 

D21-D R. tinctorum Methanol 

D22- A. tinctoria Ethanol 

D23-E S. oleracea Methanol 

D24-F C. sativus Methanol 

D25-F C. sativus Methanol 

3.5.4 Solvent Extraction 

The clear filtrate was collected in a separatory funnel and washed with pure hexane 

for several times in order to remove fatty materials and chlorophyll from the dye 

extracts. All the oils and fatty materials were dissolved in n-hexane and the lower 

layer was collected which comprises of the pure extracts. The extracts were distilled 
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and the distilled dye solutions were allowed to cool at room temperature. All the 

solvents used for maceration and solvent extraction were of analytical purity and used 

directly without any additional refinement. Similar extraction procedure was repeated 

for every single plant sample. 

3.6 Storage of Natural Dye Extracts 

Proper storage is required for keeping the dyes stable and functional for a long time. 

Each of the extracted dyes (100mL) were collected in reagent glass bottles and glass 

vials and stored at room temperature in the dark without direct light exposure to 

prevent light decomposition till further characterization (Plate, 26). 

PHASE II 

3.7 Characterization of Extracted Natural Dyes for DSSCs 

Photo-physical and electro-chemical characterization were carried out to check the 

efficacy of extracted natural dye for DSSCs. Both characterizations were performed 

25 times to separately analyze properties of each of the extracted dye. 

3.7.1 Photo-Physical Characterization 

The photo-physical properties of all six categories (A-F) of natural colorants (D1-

D25) were analyzed through UV-Visible spectrophotometer in order to check the 

response of natural dye extracts to the incident light. 

3.7.1.1 UV-Visible Spectrophotometry 

The photo-absorbance of natural dyes was measured through UV-Visible 

spectrophotometry. The absorption spectra were recorded with the help of Hitachi U-

3300 spectrophotometer. The extracted dyes were diluted ten times with respective 

solvent either methanol, ethanol or Dichloroethane in which maceration technique 

was carried out. The photo-physical characteristics were evaluated by recording the 

absorption spectra that were in the spectral range of 350 nm to 800 nm after adjusting 

the baseline. 

3.7.2 Electro-Chemical Characterization 

Electro-Chemical measurements were used to determine the reduction and oxidation 

potentials of the extracted dyes. It involves Cyclic voltammetric technique which can 

be performed for DSSCs to assess the Redox properties of the extracted natural dyes. 
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It involves the transfer of electron from counter electrode containing natural dye to 

the electrolyte by the reduction of its ions which leads to the oxidation of the dye 

molecules (Martinez et al., 2013). 

3.7.2.1 Cyclic Voltammetry 

Cyclic voltammetry is usually carried out to study the electro-chemical properties of 

an analyte in  solution. Electro-chemical properties of the extracted natural dyes D1-

D25 (A-F) were analyzed through cyclic voltammetry by using the conventional 

three-electrode system in a compartment using an Eco Chemie Autolab PGSTAT 302 

Potentiostat/Galvanostat derived by GPES 4.9 software (Utrecht, The Netherlands). 

Procedure reported by Kavitha et al., 2017 was adopted with slight alterations. 

Platinum was used as working electrode. Platinum-based catalyst was also used as a 

counter electrode and Ag/AgCl wire was used as the reference electrode at a scan rate 

of 50 mV/s. All three electrodes were immersed in a supporting electrolyte solution 

containing natural dye at room temperature. 0.1 M Tetrabutylammonium Perchlorate 

(TBAClO4) solution in distilled water was used as a supporting electrolyte. All 

solutions were degassed with argon prior to analysis. The applied potential for the 

analysis was between the range of -2.0V to +2.0V with a scan rate of 50 mV/s (Arifin, 

et al., 2017). 

PHASE III 

3.8 Fabrication of Dye-Sensitized Solar Cells (DSSCs) with Natural Dye 

Extracts 

Fabrication of natural Dye-Sensitized Solar Cells (DSSCs) were carried out by 

following a series of steps. Assembly of a typical Dye-Sensitized Solar Cell (DSSC) 

consist of one working electrode known as photoanode containing adsorbed natural 

dye; a counter electrode and an electrolyte. 

3.8.1 Preparation of Working Electrode 

A working electrode has a semiconductor film and natural sensitizer (plant colorant) 

also known as the working electrode. Preparation of working electrode involved a 

series of steps. 
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i. Cleaning of FTO Glass 

Commercially available Fluorine Doped Tin Oxide (FTO) conductive glass sheet 

(Xingyan Technology Limited, Hong Kong; Thickness=12 µm) was used with 80% 

transmission and sheet resistance of 14 Ω/cm2 which was checked with the help of a 

conductivity meter. The glass slides were cut into small square sections of dimensions 

1cm X 1.5cm with a diamond cutter. The glass slides were cleaned in a detergent 

solution for 10 minutes. The slides were then immersed in double distilled water for 

10 minutes in an ultrasonic bath. All FTO glass slides were rinsed with isopropanol 

and ethanol. The cleaned glass substrates were finally set aside for air drying. 

Cleaning of glass slides is important in order to remove organic and inorganic 

contaminants from the surface that may cause hindrance in the adhesion of layers 

which need to be deposited over the slides.  

ii. Blocking Layer (TiCl4) Treatment 

Well-cleaned and dried FTO glass slides were immersed into 50mM TiCl4 ethanolic 

solution for 30 minutes at a temperature of 70 oC. The application of an impenetrable 

blocking layer of TiCl4 on the surfaces of FTO glass slides results in an increase in 

electron transfer efficiency (Li et al., 2016) and also prohibits the dissemination of 

liquid electrolyte. The TiCl4 treated glass slides were kept at 500 oC in a preheated 

oven for 30 minutes and then left to cool at room temperature. 

iii. Preparation and Application of TiO2
 
Paste 

A section of (1cm X 1cm) was marked on the conductive surface of each pretreated 

glass slide with a scotch tape of ~ 50-60 µm thickness which was removed later from 

every single slide. The suspension of titanium dioxide nanoparticles was prepared by 

following the procedure previously adopted by Ghani et al., (2014). The nanoparticles 

colloid was prepared by mixing 2 g of TiO2 powder, 4mL deionized water, 0.1 mL 

Triton X-100 (a nonionic surfactant) and 0.8mL of Acetylacetone which acts as a 

particle stabilizer. Triton X-100 is a common laboratory detergent that has a tendency 

of forming a protective layer around all nanoparticles so they can not stick back with 

each other. All ingredients were blended ultrasonically for 02 hours to get a paste of 

uniform consistency. The mesoporous film of colloid was consistently deposited on 

the compact blocking layer over FTO glass slides through the doctor blade method so 
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as to obtain TiO2 thin films of a uniform thickness of 20 µm. The glass slides were 

then placed for air drying for 15 minutes. The scotch tapes from each slides were 

carefully removed and placed in oven for sintering at 450 oC for 30 minutes. The TiO2 

coated FTO glass slides were allowed to cool down at room temperature. 

iv. Natural Dye Adsorption on TiO2 Coated Thin Films  

All samples of mono-crystalline TiO2 thin film coated photoanode were immersed in 

concentrated natural dye extracts (D1-D25) for 24 hours at room temperature (Plate, 

27). The dye infused FTO glass slides (photoanode) were taken out from the dye 

solutions after 24 hours and kept for drying at room temperature as depicted in Plate 

28. Natural dyes were deposited on the thin films of TiO2. 

3.8.2 Preparation of Counter Electrode 

The counter electrode in Dye-Sensitized Solar Cells plays a key role in determining 

the energy conversion efficiency. Therefore, a number of counter electrodes can be 

used. The graphite counter electrode was prepared in the present research by rubbing 

the lead pencil on the surface of FTO glass. Rubbing resulted in the deposition of 

graphite onto FTO glass. 

3.8.3 Electrolyte 

The electrolyte selected for the solar cell characterization was redox couple of 

iodine/tri-iodide (I-/I-3) liquid solution. The liquid electrolyte was injected between the 

two electrodes through micropipette. The electrolyte helps to maintain the electrical 

path among both electrodes. 

3.9 Assembling and Performance Characterization of Natural Dye-Sensitized 

Solar Cells (DSSCs)  

The dye-adsorbed thin films were rinsed in the Dichloromethane and eventually, the 

dye-sensitized solar cells (DSSCs) were assembled by sandwiching the dye coated 

TiO2 photoanode and the graphite-based catalyst as a counter electrode in such a way 

that the dye coated films were facing down towards the graphite coated counter 

electrode. Both electrodes were held together firmly in a sandwiched pattern with the 

help of binder clips. The active area of each cell was 1cm X 1cm. The fabrication of 

DSSCs was completed by injecting a drop of liquid electrolyte in the aperture 
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between the photoanode and counter electrode (Plate, 29). The fabricated DSSCs 

were placed in light in a solar simulator for their photovoltaic characterization. 

The performances of the DSSCs using each of the extracted natural dyes were 

determined by a solar simulator (SS80AAA by Photo Emission Technology 

Incorporation, USA) under solar irradiation of 100 mW/cm2. The current-voltage (J-

V) curves were evaluated by a digital multimeter (Keithley-2401). The J-V 

characteristics curves were used to measure the performance of solar cells after 

placing the fabricated device under illumination. The J-V curves were obtained using 

a digital electrometer which is connected to a computer. The short-circuit current 

density (Jsc) and open-circuit voltage (Voc) values were evaluated from the J-V curves. 

The fill factor ff and average conversion efficiency (η) of the dye-sensitized solar cell 

was calculated for each dye sample with the help of following current voltage 

relationship equations. 

ff =  Imax × Vmax /Jsc  × Voc                        (1) 

ƞ  = ff × Jsc × Voc                                                        (2)     

where Imax is the maximum power point current (mA/cm2) and Vmax is the maximum 

power point voltage (V).  

3.10 Data Interpretation and Efficiency Measurement 

The standard current-voltage (J-V) was used to assess the performance of dye-

sensitized solar cells fabricated with naturally extracted dyes. All experimental data 

and results were analyzed graphically and presented in the form of tables and figures. 

All the graphs were plotted by using Origin 8.0 software and Microsoft Excel.  

3.11 Photovoltaic Parameters to Evaluate the Performances of DSSCs 

Photoelectric conversion efficiency (η) of the cells is mainly determined by the short-

circuit current density (Jsc), open circuit voltage (Voc) and fill factor (ff). 
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3.11.1 Short-Circuit Current Density 

The current acquired from the solar cell in state of zero load resistance. The short 

circuit current density is evaluated by the light gathering/harvesting efficiency (LHE) 

of the dye as described by Sun et al. (2016). 

𝐽𝑠𝑐 =  𝐼𝑠𝑐A  𝑚𝐴𝑐𝑚2 

where; 

A= Active area of solar cell 

Isc/Jsc= Short circuit current 

3.11.2 Open Circuit Voltage 

The highest voltage received from the solar cells in the presence of an external load. 

The voltage is calculated when in the absence of current (Marinado et al., 2010). It is 

the product of semiconductor bandgap and charge recombination in the cell. Open 

circuit voltage (Voc) signifies the upper limit of output voltage when light is incident 

upon the solar cells. 

3.11.3 Fill Factor 

The fill factor is defined as the ratio of the maximum power obtained from the dye-

sensitized solar cell (DSSC) and the estimated highest power (Sun et al., 2016). It can 

be formulated as; 

𝑓𝑓 = 𝐼𝑚𝑎𝑥 ×  𝑉𝑚𝑎𝑥𝐽𝑠𝑐 × 𝑉𝑜𝑐  

Where, Imax and Vmax symbolize the maximum value of output current and voltage 

accordingly. Jsc refers to short circuit current density and Voc is the open circuit 

voltage. 
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3.11.4 Power Conversion Efficiency (η) 

Power conversion efficiency of the solar cells is defined as the product of the 

maximum electrical energy output to the energy input from the sun. It can be 

mathematically described as; 

𝜂 =  𝐽𝑠𝑐 𝑉𝑜𝑐 𝑓𝑓𝑃𝑖𝑛  × 100 

3.12 Economic Suitability of Extracted Natural Dyes 

The chief component of dye-sensitized solar cells is the dye (either metallic, synthetic 

organic or natural) which act as a light absorbing material. Therefore, its cost is of 

prime importance that determines the overall price of a DSSC. The production cost of 

natural alcoholic extracts of the plant species was estimated by considering the raw 

material, services, labor, transportation, packaging, storage, instrumentation and 

operating cost as well as the choice of solvent and the method of extraction used for 

dye preparation (Pervaiz et al., 2016). 
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CHAPTER 4  

RESULTS 

A series of analysis were carried out to characterize the extracted dyes for their 

performance. A total number of twenty five different plant species (D1-D25) were 

considered for application of their extracts in DSSCs. The collected Plants were 

tabulated in accordance with their local and botanical and family name and code 

assigned (Table 3.1). All plants were divided into six categories (A to F) on the basis 

of the part of the plant used for dye extraction. The Photo-physical, electro-chemical 

and photovoltaic characteristics of each of the extracted dyes were analyzed in order 

to check their practicability as light absorbing material for dye-sensitized solar cell 

(DSSC) application. 

4.1  A-Category  

In A-category petals of six plants were studied i.e., D1 (H. rosa-sinensis), D2 (B. 

oleracea), D3 (C. argentea), D4 (R. damascena), D5 (R. macdub) Red and D6 (R. 

macdub) Yellow. Natural dyes extracted from D1, D5 and D6 yield bright red colored 

solution while D3 and D4 had orange and yellowish colored extract respectively. D2 

dye extract has deep purple color. Optical properties of these dyes were investigated 

through UV-Visible spectroscopy.  

4.1.1 Photo-physical Characterization 

All extracted dyes were analyzed through UV-Visible spectrophotometer and the 

absorption spectra were evaluated. Optical characteristics of these dyes (D1-D6) are 

enlisted in Table 4.1. It is apparent from the table that the absorption peaks of all the 

dyes are within the ultraviolet and visible region of the electromagnetic spectrum 

ranging from 400-700 nm. 

All the dyes have two distinct bands one π-π* band (225-425 nm) and ICT band (500-

625 nm). The maximum absorption 534 nm at ICT band was observed in dye D1 

followed by D2 with 532 nm absorption. The intensity of absorption was D1>D2, D5, 

D6>D4>D3 respectively. The absorption spectrum of three of the dyes D2, D5 and 

D6 shows an absorption peak at 532 nm. D4 dye has an absorption peak at 412 nm 
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while the lowest absorption peak is observed in case of D3 dye extract which has a 

yellowish color. D1 peak is at highest wavelength while other five samples also have 

similar absorption patterns. 

4.1.1.1  H. rosa-sinensis (D1-A) 

Petals of the flower were used for dye extraction. Bright red colored ethanolic extract 

of the dye was obtained which is due to the presence of anthocyanins. Optical 

properties of the extracted dye were investigated through UV absorption spectrometry 

after 10 times dilution with ethanol. Figure 4.1 shows the absorption spectra of D1-A. 

Maximum absorbance value of 1.125 was recorded at wavelength 534 nm which 

indicated the presence of β-Cyanin (Betacyanin) group. This pigment group is 

responsible for red to violet colored dye. Same kind of results was reported by 

Fernando & Senadeera (2008) and Mansa et al., (2014) as they also studied the 

performance of Hibiscus flower dye for DSSC. 

4.1.1.2  B. oleracea var. capitata (D2-A) 

In case of diluted B. oleracea var. capitata dye extract, the UV-Visible absorption 

spectrophotometer was used to measure the absorption rate in the visible light 

spectrum (400-700 nm). Figure 4.2 shows the absorption spectra of B. oleracea var. 

capitata extract. It was observed that D2-A dye gave the highest peak at 532 nm 

wavelength.  

4.1.1.3  C. argentea (D3-A) 

The absorption spectrum of orange-yellow colored dye extract of floral parts of C. 

argentea showed a well-defined peak at 358 nm. The wide absorption band in the 

region 200-500 nm was observed. 

4.1.1.4  R. damascena (D4-A) 

The absorption band of natural dye extracted from ethanolic solution of red rose 

petals was broad and maximum absorption wavelength reported at 412 nm with 

absorbance value of 0.78 absorption unit. Bright red colored extract was because of 

the presence of flavonoid content particularly anthocyanin.  
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Figure 4.1: UV-Visible Absorption Spectra of D1-A 

 

 

Figure 4.2: UV-Visible Absorption Spectra of D2-A 
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Figure 4.3: UV-Visible Absorption Spectra of D3-A 

 

 

Figure 4.4: UV-Visible Absorption Spectra of D4-A 
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4.1.1.5  R. macdub (D5-A) 

Yellow rose petals of the flower R. macdub yielded bright yellow colored extract. The 

diluted solution of dye absorbed wavelength at 532 nm. Dilution was made 10 times 

with the same solvent in which the dye was extracted i.e. ethanol in case of D5-A 

sample. The absorbance value was lower as compared to other dyes of the A-category 

due to relatively lower anthocyanin pigment. 

4.1.1.6  R. macdub (D6-A) 

The petals of R. macdub flower species were of bright red color and similar colored 

dye solution was obtained through maceration and dye extraction in ethanol. Optical 

characteristics were investigated through UV-Visible spectrophotometer. This plant 

species also followed the same trend just like other samples of the same category (A) 

i.e. broader peaks in the visible region of the spectrum (Figure 4.6). D6-A showed 

best absorbance at 532 nm wavelength.  

The absorption peaks of all the six samples of A-category can be seen in Figure 4.7 

and the consequent data is summed up in Table 4.1. It is evident from the UV-Visible 

spectra of natural dyes of A-category samples that D1-A dye presented the maximum 

absorption peak. However, all samples can be considered suitable for their application 

in DSSCs. 
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Figure 4.5: UV-Visible Absorption Spectra of D5-A 

 

 

Figure 4.6: UV-Visible Absorption Spectra of D6-A 
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Table 4.1: Wavelength and Maximum Absorption Values of the Natural Extracts 

in the Visible Region of Spectrum 

Sample code Plant 
Wavelength ICT 

band (nm) 
Absorbance 

D1-A 
H. rosa-

sinensis 
534 nm 1.125 

D2-A 
B. oleracea var. 

capitata 
532 nm 0.686 

D3-A C. argentea 358 nm 0.642 

D4-A R. damascena 412 nm 0.78 

D5-A 
R. macdub 

(yellow) 
532 nm 0.199 

D6-A 
R. macdub 

(Red) 
532 nm 0.61 
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Figure 4.7: UV-Visible Absorption Spectra of Six Natural Dye Sensitizers  

(D1-A_D6-A) 
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4.1.2 Electro-chemical Characterization 

The electro-chemical characteristics and oxidation potentials of natural dyes were 

performed by cyclic voltammetry. This technique can reveal the electron shifting 

properties from excited state of the dye molecules to the conduction band of the 

semiconducting layer (TiO2) as well as the regeneration capability of dye molecules. 

The electro-chemical behaviors of natural dyes (D1-D6) of A-category in ethanol 

solvent were investigated with Tetrabutylammonium Perchlorate as supporting 

electrolyte. 

4.1.2.1  H. rosa-sinensis (D1-A) 

The ethanolic solution of H. rosa-sinensis (D1-A) is directly used for cyclic 

voltammetry. Platinum counter electrode and platinum wire working electrodes were 

used for the experiment. The reference electrode consisted of Ag/AgCl wire. Clear 

oxidation peak with a hump at 1.25 eV can be seen in case of D1-A dye solution. 

4.1.2.2  B. oleracea var. capitata (D2-A) 

Cyclic voltammetry was used to study the oxidation potential of the extracted natural 

dye. The voltammogram of B. oleracea var, capitata (D2-A) dye also shows sharp 

oxidation peak. 

.1.2.3  C. argentea (D3-A) 

Well-defined voltammogram for the oxidation of natural dye extracted from D3-A 

was observed as evident from Figure 4.10.  

4.1.2.4  R. damascena (D4-A) 

The bright red colored extract of D4-A dye revealed a sharp oxidation peak in the 

voltammogram. 
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Figure 4.8: Cyclic Voltammogram of D1-A Dye 
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Figure 4.9: Cyclic Voltammogram of D2-A Dye 
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Figure 4.10: Cyclic Voltammogram of D3-A Dye 
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Figure 4.11: Cyclic Voltammogram of D4-A Dye 
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4.1.2.5  R. macdub (D5-A) 

The yellow species of R. macdub also studies for its dye extraction and the electro-

chemical characterization showed a peak that is not much defined as compared to the 

other dye samples. 

4.1.2.6  R. macdub (D6-A) 

The dye extracted from the petals of red colored R. macdub (D6-A) was tested for its 

oxidation potential and peak was obtained. The estimated band gap was nearly 1.6 eV 

clearly showed the probability of charge transfer. 

The cyclic voltammograms of A-category natural extracts are presented in Figure 

4.14. The D1 and D2 dye extracts exhibits clear oxidation peaks and proved to be 

more suitable for their application in DSSCs. The presence of hydroxyl and carbonyl 

groups in anthocyanins molecules of extracted natural dyes could bind to the surface 

of absorbent TiO2 thin films which are responsible for the electron movement from 

the anthocyanins molecules to the conduction band of TiO2.  
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Figure 4.12: Cyclic Voltammogram of D5-A Dye 
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Figure 4.13: Cyclic Voltammogram of D6-A Dye 

 



 
 

54 
 

 

 

 

 

 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

0.0000

0.0001

0.0002

0.0003

C
u

rr
en

t 
(µ

A
)

Potential (V)

 D1-A

 D2-A

 D3-A

 D4-A

 D5-A

 D6-A

 

Figure 4.14. Cyclic Voltammograms of Individual Dye Extracts of Six Samples of 

Flowers of A-Category (D1-A_D6-A)  
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4.1.3. Photovoltaic Characterization 

The individual solar cells were fabricated by using natural dye extracts of each of the 

extracted natural dye sample. DSSCs fabricated with natural extracts were tested for 

their performance by a digital multimeter and the current-voltage (J-V) curves were 

attained (Keithley, 2014). For the estimation of conversion efficiency, a solar 

simulator (SS80AAA by Photo Emission Tech. Inc. USA). The experiment was 

performed used at room temperature under the irradiation (G) of 1000 W/m
2 

.1 W/ 

cm
2 

i.e. 0 and air mass (AM) of 1.5.  

4.1.3.1  H. rosa-sinensis (D1-A) 

J-V characteristics of H. rosa-sinensis based dye-sensitized solar cell obtained by 

digital multimeter was evaluated. The obtained power conversion efficiency (η) of 

D1-A was 1.02% with short-circuit current value of 5.48 mA/cm2 and open circuit 

voltage was 0.36 V. The achieved efficiency value was highest among other dyes of 

the same category. 

4.1.3.2  B. oleracea var. capitata (D2-A) 

The photo-electrode containing natural dye extract of B. oleracea var. capitata was 

prepared by incorporating dye layer onto the dried TiO2 surface. The calculated 

efficiency of the DSSC fabricated with natural dye of D2-A is 0.9%. The Jsc value is 

5.69 mA/cm2 and Voc= 0.37 V. 

4.1.3.3  C. argentea (D3-A) 

The J-V profile of D3-A shows the photovoltaic characteristics of the dye. The photon 

to current efficiency (η) = 0.2% and the calculated Jsc= 1.71 mA/cm2 and Voc= 0.36 V. 

4.1.3.4  R. damascena (D4-A) 

Dye-sensitized solar cell was fabricated by incorporating the dye extracted from D4-

A. The J-V profile was obtained which was used to calculate the conversion efficiency 

of the fabricated cell. The obtained efficiency value was 0.5% whereas the values of 

Jsc and Voc were 3.99 mA/cm2 and 0.34 V respectively. 
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Figure 4.15: J-V Characateristics Curve of H. rosa-sinensis (D1-A) 
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Figure 4.16: J-V Characteristics Curve of B. oleracea var. capitata (D2-A) 
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Figure 4.17: J-V Characteristics Curve of C. argentea (D3-A) 
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Figure 4.18: J-V Characteristics Curve of R. damascena (D4-A) 
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4.1.3.5  R. macdub (D5-A) 

The solar cell fabricated with natural dye extract of D5-A dye yield an efficiency 

value of 0.3% with short-circuit current density of 2.71 mA/cm2 and open circuit 

voltage is 0.34 V. Fill factor value was also calculated by using standard equation and 

a value of 0.33 was achieved. 

4.1.3.6  R. macdub (D6-A)  

The DSSC using D6-A based photo-anode on TiO2
 nanoparticles also gave 

satisfactory result with the possibility of incorporating this dye in future. The 

calculated efficiency value is 0.8% whereas Jsc= 5.18 mA/cm2 and Voc= 0.42 V. 

Figure 4.21. illustrates the J-V profiles of DSSCs fabricated with the natural dye 

sensitizers of A-category. All photovoltaic parameters and the efficiency of the solar 

cell fabricated with the respective dye was calculated through J-V curves. 

Photovoltaic parameters like Voc, Jsc, ff and η of DSSCs using natural dye extracts of 

A-category samples are tabulated in Table 2. In order to fabricate an effective and 

efficient DSSC, the extracted natural dye must be well-adsorbed on the top of the 

semiconducting layer. It is evident from Figure 4.21 that Jsc (short-circuit current 

density) values of D2-A= 4.69 mA/cm2 and D1-A= 5.48 mA/cm2 are higher and in 

accordance with their UV results followed by D6-A= 5.18 mA/cm2, D4-A= 3.99 

mA/cm2, D5-A= 2.71 mA/cm2 and D3-A= 1.71 mA/cm2. The conversion efficiency 

of D1-A dye solution is η =1.02%. The calculated efficiency (η) of D2-A sample is 

0.9% with Voc= 0.37 V and ff= 0.44 
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Figure 4.19: J-V Characteristics Curve of R. macdub (Yellow) D5-A 
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Figure 4.20: J-V Characteristics Curve of R. macdub (Red) D6-A 
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Figure 4.21: Comparison of J-V Characteristics Curves of Individual Dye 

Sensitizers (D1-A_D6-A) for DSSCs  

 

Table 4.2. Photovoltaic Parameters and Power Conversion Efficiencies of 

Natural Dye Extracts of Flowers for DSSCs 

Sample Code Plant 
Jsc 

(mA/cm
2
) 

Voc 

(V) 
ff Efficiency (%) 

D1-A H. rosa-sinensis 5.48 0.36 0.51 1.02 

D2-A B. oleracea var. capitata 5.69 0.37 0.44 0.9 

D3-A C. argentea 1.71 0.36 0.40 0.2 

D4-A R. damascena 3.99 0.34 0.35 0.5 

D5-A R. macdub (yellow) 2.71 0.34 0.33 0.3 

D6-A R. macdub (red) 5.18 0.39 0.42 0.8 
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4.2 B-Category (Peels/Skin/Seed/Pulp)   

B-Category consists of 11 different samples of natural dyes extracted from either 

peels, skin or seeds of fruits as well as vegetables. Similar characterization procedure 

for each category of samples and every single dye extract has undergone same process 

of characterization and fabrication of DSSCs. 

4.2.1  Photo-physical Characterization 

UV-Visible absorption spectroscopy was performed to study the absorption spectra of 

the dyes extracted from B-category samples. Extracted natural dyes exhibits different 

absorption peaks. The difference in absorption peak is because of the presence of 

various photosynthetic pigments present in peels, skin, seeds or fruit pulp of plant. All 

peaks were resulted in the visible range of spectrum between 400-700 nm. 

4.2.1.1  L. esculentum (D7-B) 

Natural dye was extracted from the peels of L. esculentum (D7-B). The absorption 

spectra of the ethanolic extract of D7-B dye had revealed maximum absorption value 

at 532 nm which indicates that the red tomato peels extract has a wide band gap and 

has good light harvesting properties (Figure 4.22). 

4.2.1.2  R. nigrum (D8-B) 

Dark purple colored dye was obtained from D8-B sample that was subjected to optical 

characterization after dilution with the same solvent. Figure 4.23 represents the 

absorption spectra of D8-B dye. The first sharp peak was observed at 250 nm while 

the last peak was at 414 nm wavelength.  
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Figure 4.22: UV-Visible Absorption Spectra of D7-B 

 

 

Figure 4.23: UV-Visible Absorption Spectra of D8-B 
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4.2.1.3  P. domestica (D9-B) 

Waste peels of P. domestica (D9-B) were used as a source of natural dye extraction 

by using ethanol as extraction solvent. Optical properties of the diluted dye solution 

were investigated through UV-Visible spectrophotometer and the absorption spectrum 

was obtained as shown in Figure 4.24. The maximum absorption peak can be seen in 

the visible region at 462 nm. 

4.2.1.4  P. granatum (D10-B) 

Red colored seeds were taken out from the fruit of P. granatum (D10-B). The dye was 

extracted from seeds by maceration technique using ethanol solvent. Bright colored 

dye was obtained. The presence of anthocyanins in extracted dye solution was 

confirmed by using UV-Visible spectrophotometry. Figure 4.25 represents the 

absorption spectra of D10-B. Maximum absorption was at 402 nm.   
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Figure 4.24: UV-Visible Absorption Spectra of D9-B 

 

 

Figure 4.25: UV-Visible Absorption Spectra of D10-B 
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4.2.1.5  P. granatum (D11-B) 

Discarded peels of fresh fruit of P. granatum (D11-B) were used for dye extraction. 

Thick peels were chopped into small pieces and extract was obtained by using ethanol 

as extraction solvent. The UV-Visible absorption spectra of the dye revealed wide 

absorption peaks and maximum absorption was reported at 532 nm wavelength. The 

broad absorption spectra ranges between 250 nm to 600 nm can be seen in Figure 

4.26. The initial wavelength from 250 nm-400 nm shows electron transition while the 

longer wavelength values ranges from 500 nm to 600 nm wavelength describes 

intermolecular charge transfer (ICT) band.  

4.2.1.6  V. vinifera (D12-B) 

Red grape's skin was used for dye extraction. Optical absorption spectrum of V. 

vinifera (D12-B) dye extract can be seen in Figure 4.27. It can be seen that the 

absorption peak of the ethanolic extract of red grapes is highest at 550 nm. Broader 

absorption peaks were observed which indicated a better light harvesting capability of 

the extracted dye. The spectrum of D12-B showed two peaks that can be regarded as π 

and π-π* transitions correspondingly. In case of D12-B, Malvidin-3-fructoside 

flavanoid is considered as liable for light absorption (Sahu and Yimer, 2013). 
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Figure 4.26: UV-Visible absorption Spectra of D11-B 

 

 

Figure 4.27: UV-Visible Absorption Spectra of D12-B 
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4.2.1.7  P. dactylifera (D13-B) 

Locally available dates (P. dactylifera) were selected for natural dye extraction. Thin 

peels were separated which are brown in color. The dye was extracted in methanol 

solvent. The UV-Visible spectrophotometry studies of the extracted dye solution of 

D13-B revealed broader absorption peak with two clear peaks. Short wavelength 

range represents π-π* transition while the second peak of longer wavelength range 

signifies ICT band as shown in Figure 4.28. 

4.2.1.8  M. domestica (D14-B) 

Peels of M. domestica were used to extract natural dye in methanol solvent. 

Absorption properties of natural colorant were investigated through UV-Visible 

spectrophotometry. The optical absorption spectrum of M. domestica dye is displayed 

in Figure 4.29 which shows a maximum absorption peak in the visible region of the 

spectrum at 403 nm.  
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Figure 4.28: UV-Visible Absorption Spectra of D13-B 

 

 

Figure 4.29: UV-Visible Absorption Spectra of D14-B 
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4.2.1.9  S. melongena (D15-B) 

The dye was extracted from the peels of S. melongena (D15-B) by using methanol as 

solvent. Photo-physical characterization of extracted dye showed promising result and 

a broad absorption peak was observed (Figure 4.30) which indicates that the presence 

of anthocyanins in the dye solution. Maximum absorption peak is achieved at 

wavelength within 550 nm to 700 nm. Analogous results were reported in past by 

Hosseinnezhad et al. (2018) for S. melongena peels extract. 

4.2.1.10  P. granatum (D16-B) 

The photo-physical measurements were carried out through UV-Visible 

spectrophotometer for the diluted natural dye solution in methanol. The dilution was 

made by the ratio of 1:10 for dye and methanol. The absorption spectra revealed the 

presence of distinct absorption peaks. Maximum absorption of the natural dye 

extracted from the thin peels of D16-B was at 403 nm wavelength as shown in Figure 

4.31.  

4.2.1.11 S. anacardium (D17-B) 

Black colored nut of the plant S. anacardium resulted in black colored dye which is a 

well known textile dye. Absorption spectrum was recorded after ten times dilution of 

natural extract with Dichloroethane solvent. Maximum absorption peak was observed 

at 532 nm wavelength which is evident from Figure 4.32. The absorption result shows 

that the dye extract from nut of S. anacardium has significant light absorbing potential 

typically at high wavelength. 
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Figure 4.30: UV-Visible Absorption Spectra of D15-B 

 

 

Figure 4.31: UV-Visible Absorption Spectra of D16-B 
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Figure 4.32: UV-Visible Absorption Spectra of D17-B 

 

Table 4.3: Wavelength and Maximum Absorption of the Natural Extracts in 

Visible Region of Spectrum 

Sample 

code Plant 
Wavelength ICT 

band (nm) 
Absorbance 

D7-B L. esculentum 532nm 0.224 

D8-B R. nigrum 414nm 0.77 

D9-B P. domestica 462nm 0.22 

D10-B P. granatum 402nm 0.62 

D11-B P. granatum 532nm 0.74 

D12-B V. vinifera 550nm 0.11 

D13-B P. dactylifera 407nm 0.13 

D14-B M. domestica 403nm 0.28 

D15-B S. melongena 662nm 0.27 

D16-B P. granatum 403nm 0.75 

D17-B S. anacardium 532nm 0.59 
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Figure 4.33. UV-Visible Absorption Spectra of Natural Dye Sensitizers (D7-

B_D17-B) of B-category Samples 
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Among the members of B-category, D15-B displayed the best photo-physical 

performance with maximum absorption at 662 nm wavelength followed by D12-B 

dye extract while D7-B, D11-B and D17-B also presented good results with λmax= 532 

nm. Dyes with darker colors had better light absorption as compare to light shaded 

samples. 

4.2.2 Electro-chemical Characterization 

Cyclic voltammetry was executed to analyze the of charge transfer possibility of each 

of the dye extract from the excited form of the dyes towards the conduction band of 

titanium dioxide nanoparticles (TiO2). 

4.2.2.1  L. esculentum (D7-B) 

The oxidation peak of the dye extracted from the peels of L. esculentum can be seen 

in Figure 4.34.  

4.2.2.2  R. nigrum (D8-B) 

Cyclic voltammetry of dye extracted from D8-B was also carried out in the same 

manner on a three-electrode assembly. Similar results were obtained just like other 

natural dyes. Figure 4.35 represents the voltammogram of D8-B. 
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Figure 4.34: Cyclic Voltammogram of D7-B 
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Figure 4.35: Cyclic Voltammogram of D8-B 
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4.2.2.3  P. domestica (D9-B) 

The electro-chemical investigation was also carried out for P. domestica dye extract 

in the similar way just like other natural extracts. The results of study shows positive 

oxidation peak showing the tendency of dye molecules to release electron and get 

oxidized. This trend is quite encouraging which makes the dye suitable for the 

utilization as photo-electrode. The voltammogram obtained for D9-B can be seen in 

Figure 4.36. 

4.2.2.4  P. granatum (D10-B) 

The representative voltammogram obtained though the cyclic voltammetric analysis 

of extracted natural dye of D10-B is shown in Graph 4.37.  

4.2.2.5  P. granatum (D11-B) 

Figure 4.38 depicts the characteristic voltammogram of dye extracted from the peels 

of P. granatum (D11-B).  

4.2.2.6  V. vinifera (D12-B) 

Red grapes extract (D12-B) showed better oxidation peak with a clear bulge that can 

be seen in Figure 4.39. The best oxidation result was observed where Eox= 1.16 V. 

This oxidation potential value refers to the highest occupied molecular orbit (HOMO) 

level of the extracted dye molecules. The hump in the voltammogram peak shows the 

electron transfer ability of the dye molecules.  
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Figure 4.36: Cyclic Voltammogram of D9-B 
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Figure 4.37: Cyclic Voltammogram of D10-B 
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Figure 4.38: Cyclic Voltammogram of D11-B 
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Figure 4.39: Cyclic Voltammogram of D12-B 
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4.2.2.7  P. dactylifera (D13-B) 

The dye extracted from the fruit peels of P. dactylifera was also subjected to electro-

chemical characterization. The resulted voltammogram is presented in Figure 4.40 

which shows the voltammogram of the natural extract. 

4.2.2.8  M. domestica (D14-B) 

Oxidation peak can be seen in the voltammogram of dye extracted from M. domestica 

peels which signifies the oxidation behavior of the dye and its ability to lose electron 

upon oxidation in the same manner the reduction behavior can also be seen which 

shows the regeneration capability of natural dye. Figure 4.41 represents the 

voltammogram of D14-B.  

4.2.2.9  S. melongena (D15-B) 

The electro-chemical performance of extracted colorant was analyzed by means of 

cyclic voltammetry by using a three-compartment assembling method. The oxidation 

potential (Eox) corresponds to the HOMO level of the extracted dye was at 1.25 V as 

shown in Figure 4.42. The voltammogram obtained from CV of D15-B showed a 

clear oxidation peak which made the dye suitable for solar cell applications.  

4.2.2.10  P. granatum (D16-B) 

Another characterization technique (CV) was performed for the evaluation of redox 

potential of extracted natural dye in solution form. The voltammogram shows 

expected oxidation peak with affinity to donate electrons. The voltammogram is 

displayed in Figure 4.43. 
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Figure 4.40: Cyclic Voltammogram of D13-B 
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Figure 4.41: Cyclic Voltammogram of D14-B 

 



 
 

80 
 

 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

0.00000

0.00002

0.00004

0.00006

0.00008

0.00010

0.00012

0.00014

C
u

rr
en

t 
(u

A
)

Potential (V)

 

Figure 4.42: Cyclic Voltammogram of D15-B 
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Figure 4.43: Cyclic Voltammogram of D16-B 
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4.2.2.11 S. anacardium (D17-B) 

The cyclic voltammogram was investigated for the natural dye extract of S. 

anacardium (D17-B) which showed a distinct oxidation peak at 1.17 V. The CV 

results strengthened the suitability of D17-B dye for its utilization in the preparation 

of photoanode for dye-sensitized solar cells. The characteristic voltammogram is 

shown in Figure 4.44. It is observed from the voltammogram that the oxidation peak 

obtained was relatively higher indicating that the dye has additional conversion power 

and its conversion efficiency will also be higher. 
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Figure 4.44: Cyclic Voltammogram of D17-B 
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Figure 4.45. Cyclic Voltammograms of Individual Dye Extracts of Plant Samples 

of B-Category (D7-B_D17-B) 
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4.2.3 Photovoltaic Characterization 

The performances of solar cells fabricated with natural dyes were evaluated through 

short circuit current density, open circuit voltage and fill factor and conversion 

efficiency.  

4.2.3.1  L. esculentum (D7-B) 

J-V (current density-voltage) curves were obtained from the natural dye-sensitized 

solar cell as shown in Figure 4.46. Photovoltaic parameters are tabulated in Table 4.4. 

D7-B sensitized solar cell resulted in short circuit current density value of 3.38 

mA/cm2. The cell had an open circuit voltage Voc = 0.31 V. The calculated efficiency 

value is 0.4% which due to the broader absorption peak of the natural colorant and 

strong oxidation potential of the dye. 

4.2.3.2  R. nigrum (D8-B) 

The result photovoltaic parameters from the fabrication of DSSCs with D8-B dye can 

be observed in Table 4.4 while Figure 4.47 displays the J-V profile of the D8-B based 

dye-sensitized solar cell. The photon to current conversion efficiency obtained was 

0.3% whereas, short circuit current density Jsc = 1.82 mA/cm2 and open circuit 

voltage was Voc= 0.30 V. The calculated fill factor was 0.53.  
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Figure 4.46: J-V Characteristics Curve of D7-B 
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Figure 4.47: J-V Characteristics Curve of D8-B 
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4.2.3.3  P. domestica (D9-B) 

Discarded peels of P. domestica were used for the extraction of natural colorant. Solar 

cells were fabricated using this colorant as photo sensitizer. The calculated 

photovoltaic parameters from J-V curve of D9-B based DSSC are tabulated in Table 

4.4. Jsc value achieved through J-V profile was 1.65 mA/cm2 while Voc was 0.34 V. 

The overall conversion efficiency was 0.3%. Figure 4.48 represents the J-V profile of 

D9-B. 

4.2.3.4  P. granatum (D10-B) 

Red colored seeds of locally available P. granatum were chosen as a source of natural 

dye extraction. Bright colored dye was deposited on TiO2 annealed FTO glass slide 

and DSSC was assembled. The energy conversion efficiency value (η) was observed 

as 0.4% with relevant short circuit current density (Jsc)= 2.52 mA/cm2 and open 

circuit voltage (Voc) value was 0.40 V. The J-V profile of D10-B sensitized solar cell 

is shown in Graph 4.49. 

4.2.3.5  P. granatum (D11-B) 

The energy conversion efficiency was yielded as 0.9% with high short circuit current 

density Jsc= 5.41 mA/cm2. The calculated open circuit voltage (Voc) was 0.38 and 

resulted fill factor (ff) obtained was 0.43 as depicted in Figure 4.50.  

4.2.3.6  V. vinifera (D12-B) 

The photocurrent-photovoltage data for dye-sensitized solar cell fabricated with 

natural dye sensitizer extracted from D12-B is represented through J-V curve. The 

short circuit current density calculated through standard equation of Jsc was 2.53 

mA/cm2. The open circuit voltage was 0.34 V. The overall conversion efficiency of 

solar cell achieved was 0.5% as shown in Figure 4.51. 

 

 

 

 



 
 

86 
 

 

0.0 0.2 0.4

0.0

0.5

1.0

1.5

2.0

J
sc

 (
m

A
/c

m
2
)

V
oc 

(V)

 

Figure 4.48: J-V Characteristics Curve of D9-B 
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Figure 4.49: J-V Characteristics Curve of D10-B 
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Figure 4.50: J-V Characteristics Curve of D11-B 
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Figure 4.51: J-V Characteristics Curve of D12-B 
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4.2.3.7  P. dactylifera (D13-B) 

The pure extract of D13-B was made adsorbed on nanocrystalline thin film of TiO2. 

The resulted J-V curves can be seen in Figure 4.52. The photovoltaic parameters 

including Jsc, Voc and ff were calculated and the values obtained were 1.86 mA/cm2, 

0.22 and 0.07 respectively. The overall conversion efficiency achieved was 0.2%. 

4.2.3.8  M. domestica (D14-B) 

The M. domestica peels (D14-B) extract-sensitized TiO2 nanocrystalline thin film of 

TiO2 displayed J-V characteristic curve as shown in Figure 4.53. The efficiency of 

fabricated natural dye-sensitized solar cell using apple peels dye in methanol was 

0.3%. The short circuit current density was 1.86 mA/cm2 and open circuit voltage was 

0.25 V. 

4.2.3.9  S. melongena (D15-B) 

The dark purple colored peels of S. melongena (D15-B) were utilized for natural dye 

extraction in methanol. The solar cell sensitized with D15-B dye exhibited a 

conversion efficiency of 0.6% with a short circuit current density (Jsc) of 3.38mA/cm2 

and open circuit voltage (Voc) of 0.3 V. The J-V characteristic curve of D15-B is 

displayed in Graph 4.54. 

4.2.3.10 P. granatum (D16-B) 

The dye-sensitized solar cell fabricated with P. granatum extract displayed good 

photovoltaic performance with Jsc= 2.71 mA/cm2, Voc= 0.38 V and ff= 0.5. The power 

conversion efficiency achieved was 0.5%. The representative J-V profile for D16-B is 

shown in Figure 4.55. 
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Figure 4.52: J-V Characteristics Curve of D13-B 
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Figure 4.53: J-V Characteristics Curve of D14-B 
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Figure 4.54: J-V Characteristics Curve of D15-B 
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Figure 4.55: J-V Characteristics Curve of D16-B 
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4.2.3.11  S. anacardium (D17-B) 

The dye-sensitized solar cell was fabricated using the natural dye extracted from S. 

anacardium. The performance of the cell was characterized under light source of AM 

1.5 (100 mW/cm2) which was adjusted toward the cell surface. Figure 4.56 represents 

the resulted J-V curve obtained. The power conversion efficiency of DSSC was 

calculated using the standard formula and the value obtained was 0.9%. Other 

photovoltaic parameters were short circuit current density and open circuit voltage 

and the values were 5.07 mA/cm2 and 0.33 V respectively. 
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Figure 4.56: J-V Characteristics Curve of D17-B 
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Figure 4.57 Comparison of J-V Characteristics Curves of Individual Dye 

Sensitizers (D7-B_D17-B) for DSSCs 
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Table 4.4 Photovoltaic Parameters and Power Conversion Efficiencies of Natural 

Dye Extracts for DSSCs 

Sample Code Plant 
Jsc 

(mA/cm
2
) 

Voc 

(V) 
ff Efficiency (%) 

D7-B L. esculentum 3.38 0.31 0.4 0.42 

D8-B R. nigrum 1.82 0.30 0.53 0.3 

D9-B P. domestica 1.65 0.34 0.55 0.3 

D10-B P. granatum 2.52 0.40 0.39 0.4 

D11-B P. granatum 5.41 0.38 0.43 0.9 

D12-B V. vinifera 2.53 0.34 0.52 0.5 

D13-B P. dactylifera 1.86 0.22 0.07 0.2 

D14-B M. domestica 1.86 0.25 0.64 0.3 

D15-B S. melongena 3.38 0.3 0.57 0.6 

D16-B P. granatum 2.71 0.38 0.5 0.5 

D17-B S. anacardium 5.07 0.33 0.5 0.92 
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4.3 C-Category (Root bulb/skin) 

C-category includes three samples, all are plant root bulb or the peel of bulb. 

4.3.1 Photo-physical Characterization 

The photo-physical characterization was carried out by means of UV-Visible 

spectrophotometry.  

4.3.1.1 R. sativus (D18-C) 

The discarded peels of R. sativus (D18-C) were used for natural dye extraction in 

methanol solvent. The maximum absorption wavelength was recorded at 402 nm as 

depicted in Figure 4.58. 

4.3.1.2 B. vulgaris (D19-C) 

The deep reddish purple extract of B. vulgaris with assigned code D19-C yield 

absorption peak at 462 nm upon characterization through UV-Visible 

spectrophotometry. One peak was obtained at lower wavelength between 200-400 nm 

ranges while the other peak after 450 nm.  
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Figure 4.58: UV-Visible Absorption Spectra of D18-C 

 

 

Figure 4.59: UV-Visible Absorption Spectra of D19-C 
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4.3.1.3  D. carota (D20-C) 

Figure 4.60 shows the photo-physical characterization of natural dye extracted from 

red carrot peels (D. carota) which was analyzed using UV-Visible spectrophotometer. 

Maximum recorded absorption wavelength (λmax) was 528 nm which indicates that the 

dye can absorb in the visible region of spectrum. 
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Figure 4.60: UV-Visible Absorption Spectra of D20-C 
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Figure 4.61 UV-Visible Absorption Spectra of C-category Natural Dye 

Sensitizers (D18-C_D20-C) 
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Table 4.5: Wavelength and Maximum Absorption of the Natural Extracts in 

Visible Region of Spectrum 

Sample code Plant 

Wavelength 

ICT band 

(nm) 

Absorbance 

D18-C R. sativus 402nm 0.13 

D19-C B. vulgaris 462nm 0.15 

D20-C D. carota 528nm 0.22 

 

4.3.2  Electro-chemical Characterization 

Electro-chemical investigations were carried out through cyclic voltammetry.  

4.3.2.1  R. sativus (D18-C) 

The investigation of the capability of electron transfer from the excited state of natural 

dye molecules toward the conductive band of nanoparticles (TiO2) the oxidation 

reduction characteristics of the D18-C dye was studied by cyclic voltammetry. Figure 

4.62 represents the voltammogram of the natural extract of R. sativus. 

4.3.2.2  B. vulgaris (D19-C) 

The oxidation peak obtained by the cyclic voltammetry of pure B.vulgaris extract 

showed a clear hump at 1.14 V potential as visible in Figure 4.63. The starting 

oxidation potential of dye represents the highest occupied molecular orbital (HOMO). 

4.3.2.3  D. carota (D20-C) 

The cyclic voltammogram of D20-C is shown in Figure 4.64. 
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Figure 4.62: Cyclic Voltammogram of D18-C 
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Figure 4.63: Cyclic Voltammogram of D19-C 
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Figure 4.64: Cyclic Voltammogram of D20-C 
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Figure 4.65. Cyclic Voltammograms of Individual Dye Extracts of Samples of 

Root Bulb/Skin of C-Category (D18-C_D20-C) 
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4.3.3  Photovoltaic Characterization 

The photocurrent density and photovoltage (J-V) curves of the natural dye-based solar 

cells were calculated. The detailed photovoltaic characteristics are summarized in 

Table 4.6. 

4.3.3.1  R. sativus (D18-C) 

The solar cell sensitized with D18-C based photoanode give Jsc value of 1.98 

mA/cm2, the Voc value is 0.24 V with ff= 0.4 which resulted in conversion efficiency 

value of 0.2% (Figure 4.66). 

4.3.3.2  B. vulgaris (D19-C) 

Under similar conditions like other fabricated solar cells, D19-C based DSSC give a 

Jsc value of 2.93 mA/cm2. The Voc of the cell is 0.45 V and corresponding fill factor 

value = 0.52. The efficiency achieved is of 0.7% as depicted in Figure 4.67. 

4.3.3.3  D. carota (D20-C) 

Natural dye was also extracted from D. carota peels and the extracted dye was used 

for dye-sensitized solar cell fabrication. The photovoltaic investigation of the natural 

dye based solar cell resulted in 0.4% conversion efficiency with Jsc= 2.35 mA/cm2 

and Voc= 0.33 V. 
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Figure 4.66  J-V Characteristics Curve of D18-C 

 

0.0 0.2 0.4 0.6

0

1

2

3

J
sc

 (m
A

/c
m

2
)

V
oc 

(V)

 

Figure 4.67  J-V Characteristics Curve of D19-C 
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Figure 4.68  J-V Characteristics Curve of D20-C 
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Figure 4.69 Comparison of J-V Curves of Individual Dye Sensitizers (D18-

C_D20-C) for DSSCs 
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Table 4.6 Photovoltaic Parameters and Power Conversion Efficiencies of Natural 

Dye Extracts for DSSCs 

Sample Code Sample Name 
Jsc 

(mA/cm
2
) 

Voc 

(V) 
ff 

Efficiency  

(%) 

D18-C R. sativus 1.98 0.24 0.4 0.2 

D19-C B. vulgaris 2.93 0.45 0.52 0.7 

D20-C D. carota 2.35 0.33 0.48 0.4 

 

4.4 D-Category (Dried Roots)  

Two samples of natural extracts comprises D-category including D21-D and D22-D. 

These natural extracts were also subjected to photo-physical, electro-chemical and 

photovoltaic characterization for the investigation of their suitability as a 

photosensitizers for DSSCs.  

4.4.1 Photo-physical Characterization 

The UV-Visible light absorbance for the extracted dye solutions from the dried roots 

powder of two plant species were measured by using Hitachi U-3300 

spectrophotometer.  

4.4.1.1   R. tinctorum (D21-D) 

Optical absorbance of D21-D sample was analyzed. The dye was extracted and 

diluted in methanol solvent. UV-Visible absorption spectrum of the dye is shown in 

Figure 4.70. The absorption characteristics of the dye demonstrated a broad 

absorption range in the visible region of spectrum with maximum absorption 

wavelength obtained was at 452 nm. 

4.4.1.2  A. tinctoria (D22-D) 

The natural dye was extracted from the desiccated roots of A. tinctoria (D22-D) with 

the help of ethanol as extracting solvent. The UV-Visible characterization was carried 

out after dilution of the extract. The wavelength of maximum absorption was 452 nm 

as shown in Figure 4.71. 
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Figure 4.70 UV-Visible Absorption Spectra of D21-D 

 

 

Figure 4.71 UV-Visible Absorption Spectra of D22-D 
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Table 4.7 Wavelength and Maximum Absorption of the Natural Extracts in 

Visible Region of Spectrum 

Sample code Plant 
Wavelength 

ICT band (nm) 
Absorbance 

D21-D R. tinctorum 452nm 1.1 

D22-D A. tinctoria 452nm 1.05 
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Figure 4.72 UV-Visible Absorption Spectra of D-category Natural Dye 

Sensitizers (D21-D_D22-D) 
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4.4.2 Electro-chemical Characterization 

The electro-chemical behaviors of the natural extracts of D-category were also 

analyzed through cyclic voltammetry by using platinum counter and working 

electrodes and silver as reference electrode.  

4.4.2.1  R. tinctorum (D21-D) 

The electro-chemical oxidation of the dye extracted from dried roots of R. tinctorum 

(D21-D) in methanol was measured through CV and representative voltammogram is 

presented in Figure 4.73. The oxidation peak shows a clear hump at 1.2 V.  

4.4.2.2  A. tinctoria (D22-D) 

After absorption studies, the second most imperative method to investigate the 

viability of extracted natural dye for DSSCs application is the measurement of its 

redox potential. For this purpose, cyclic voltammetric investigation was carried out 

using platinum as working and counter electrode and Ag/AgCl as reference electrode. 

Figure 4.74 showed the distinctive CV profile of D22-D dye in ethanol solution. The 

oxidation peak was detected at 1.15 V which is attributed to the redox process 

happening in dye solution containing multiple pigments. 
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Figure 4.73 Cyclic Voltammogram of D21-D 
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Figure 4.74 Cyclic Voltammogram of D22-D 
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Figure 4.75 Cyclic Voltammograms of Individual Dye Extracts of Samples of 

Root Bulb/Skin of D-Category (D21-D_D22-D) 
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4.4.3 Photovoltaic Characterization 

The dye-sensitized solar cells (DSSCs) fabricated with dried plants root extract were 

tested for their performance and J-V curves were obtained.  

4.4.3.1 R. tinctorum (D21-D) 

The photocurrent density and photovoltage (J-V) profile of dye-sensitized solar cell 

(DSSC) fabricated with natural dye extract of R. tinctorum (D21-D) showed 

considerable results. The photovoltaic parameters were calculated through J-V curve 

which can be seen in Figure 4.76. The significantly high value of short circuit current 

density Jsc= 4.14 mA/cm2 was attained while Voc= 0.36 V. The calculated efficiency 

was 1.1% which make the dye a good candidate for DSSCs fabrication. 

4.4.3.2 A. tinctoria (D22-D) 

The performance of A. tinctoria (D22-D) based dye-sensitized solar cells was 

evaluated through the photovoltaic parameters by measuring their current-density 

voltage (J-V) curves, under standard irradiation under AM 1.5 light. The distinctive J-

V curve can be seen in Figure 4.77 which shows the Jsc value of 3.91 mA/cm2 and 

Voc= 0.42 while ff= 0.46. The resulted conversion efficiency was 0.8%.  
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Figure 4.76 J-V Characteristics Curve of D21-D 
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Figure 4.77 J-V Characteristics Curve of D22-D 
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Figure 4.78 Comparisons of J-V Characteristics Curves of Individual Dye 

Sensitizers (D21-D_D22-D) for DSSCs 

 

Table 4.8 Photovoltaic Parameters and Power Conversion Efficiencies of 

Natural Dye Extracts for DSSCs 

Sample Code Plant 
Jsc 

(mA/cm
2
) 

Voc 

(V) 
ff Efficiency (%) 

D21-D 
R. tinctorum 

4.14 0.36 0.76 1.1 

D22-D 
A. tinctoria 

3.91 0.42 0.46 0.8 

 

 

 

 

 

 

 



 
 

113 
 

4.5 E-Category (Leaves) 

The leaves of spinach are green in color and dye extracted in methanol also exhibits 

bright green color. The extracted colorant was subjected to photo-physical, electro-

chemical and photovoltaic characterization to investigate its feasibility to be used as a 

photo sensitizer for dye-sensitized solar cells. 

4.5.1 Photo-physical Characterization  

4.5.1.1  S. oleracea 

The absorption spectrum of dye extracted from S. oleracea shows two discrete crests 

indicating that chlorophyll has two distinct absorption peaks. First one is in the range 

of 350-450 nm while the second peak is between 650-700 nm which is in accordance 

with the standard chlorophyll a spectrum previously reported by Bhanushali et al., 

(2015). Chlorophyll is regarded as the significant biomolecule for photosynthesis due 

to its light absorbing capacity in the blue and red portion of the visible spectrum 

(Figure 4.79). 
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Figure 4.79 UV-Visible Absorption Spectra of E-category Natural Dye 

Sensitizer (D23-E) 

 

Table 4.9 Wavelength and Maximum Absorption of the Natural Extracts in 

Visible Region of Spectrum 

Sample 

code 
Plant 

Wavelength 

ICT band (nm) 

Absorbance 

D23-E S.oleracea 664nm 0.33 
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4.5.2 Electro-chemical Characterization 

The electro-chemical oxidation of D23-E dye was scrutinized through cyclic 

voltammetry by using a three electrode assembly in solution. The voltammogram 

obtained is presented in Figure 4.80. 

4.5.2.1 S. oleracea (D23-E) 

The oxidation potential of the dye extracted from spinach leaves was analyzed. 

HOMO level of the dye D23-E showed its strong affinity of losing electron and gets 

oxidized.  

4.5.3 Photovoltaic Characterization 

Photovoltaic parameters including short circuit current density, open circuit voltage, 

fill factor and conversion efficiency were calculated for the spinach extract based dye-

sensitized solar cell. 

4.5.3.1 S. oleracea (D23-E) 

Dye-sensitized solar cells fabricated with the dye photosensitizer extracted from S. 

oleracea (D23-E) showed best results with energy conversion efficiency value η= 

1.4% and high short circuit current density Jsc= 5.38 mA/cm2 and Voc= 0.47 V. The fill 

factor calculated was 0.56 as evident from Figure 4.81. 
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Figure 4.80 Cyclic Voltammogram of Individual Dye Extract of Sample of 

Leaves of E-Category (D23-E) 
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Figure 4.81 J-V Characteristics Curve of Individual Dye Sensitizer (D23-E) for 

DSSC 
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Table 4.10 Photovoltaic Parameters and Power Conversion Efficiencies of 

Natural Dye Extract for DSSCs 

Sample Code Plant 
Jsc 

(mA/cm
2
) 

Voc 

(V) 
ff Efficiency (%) 

D23-E S. oleracea 5.38 0.47 0.56 1.4 

 

4.6 F-Category (Stamens) 

The F-category of the selected plant species comprises of 2 plant samples of the same 

species. The stamens of C. sativus (Red and Brown) are selected for natural dye 

extraction and its characterization for solar light absorption. 

4.6.1 Photo-physical Characterization 

Photo-physical characterization also known as optical characterization is performed 

through UV-Visible spectrophotometer in order to investigate the λmax of the natural 

dyes. 

4.6.1.1 C. sativus (D25-F) 

The absorption spectra of the C. sativus (Red) extract is shown in Figure 4.79 which 

indicates that the maximum light was absorbed at 364 nm and the absorbance value is 

0.71 absorption unit. Two peaks were observed. First peak is at the low wavelength 

between 200-300 nm while the second peak can be seen between the range of 350-450 

nm. 

4.6.1.2 C. sativus (D25-F) 

Figure 4.83 shows the absorption spectra of diluted methanolic extract of saffron 

stamens (D25-F). Four distinguished peaks with broad absorption range were 

observed between 200-500 nm range with best absorption at 434 nm.  
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Figure 4.82 UV-Visible Absorption Spectra of D24-F 

 

 

Figure 4.83 UV-Visible Absorption Spectra of D25-F 
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Table 4.11 Wavelength and Maximum Absorption of the Natural Extracts in 

Visible Region of Spectrum 

 

Sample code Plant 
Wavelength ICT 

band (nm) 

Absorbance 

D24-F C. sativus (Red) 364nm 0.71 

D25-F C. sativus (Brown) 434nm 0.59 
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Figure 4.84 UV-Visible Absorption Spectra of F-category Natural Dye 

Sensitizers (D24-F_D25-F) 
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4.6.2 Electro-chemical Characterization 

The oxidation potentials for the samples (D24-F and D25-F) of F-category were 

evaluated through cyclic voltammetry which is an efficient tool to check the electro-

chemical behavior of extracted natural dyes. 

4.6.2.1 C. sativus (D24-F) 

The oxidation or anodic peak of C. sativus extract shows that the extracted dye has a 

potential to get oxidized by releasing electrons as shown in Figure 4.82. 

4.6.2.2 C. sativus (D25-F) 

Oxidation potential of the natural dye extracted from D24-F i.e. C. sativus (Brown) 

was investigated and the HOMO level of the dye can be observed through the 

voltammograms as in Figure 4.83 which is approximately at 1.27eV.  
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Figure 4.85 Cyclic Voltammogram of D24-F 
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Figure 4.86 Cyclic Voltammogram of D25-F 
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Figure 4.87 Cyclic Voltammograms of Individual Dye Extracts of Samples of 

F-Category (D24-D25) 
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4.6.3 Photovoltaic Characterization 

The samples of F-category including D24-F and D25-F are also subjected to 

photovoltaic characterization. The photovoltaic parameters including open-circuit 

voltage, short-circuit current density and fill factor are calculated for both of the 

samples of F-category. 

4.6.3.1 C. sativus (Red) 

The methanolic extract of C. sativus (Red) is used as sensitizer for DSSCs and the 

efficiency obtained is 0.26%. The J-V characteristics were evaluated and resulted 

value of Jsc is 1.69 mA/cm2 and Voc is 0.57 V with ff= 0.57. 

4.6.3.2 C. sativus (D-25) 

Figure 4.86 shows the J-V curves of the dye-sensitized solar cells fabricated with the 

dye extracted from D25-F. The calculated efficiency of D25-F dye as photoanode is 

0.4% with short-circuit current density (Jsc) value=1.8 mA/cm2 and open circuit 

voltage (Voc) is 0.34 V. 
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Figure 4.88 J-V Characteristics Curve of D24-F 
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Figure 4.89 J-V Characteristics Curve of D25-F 
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Figure 4.90 J-V Characteristics Curves of Individual Dye Sensitizers (D24-

F_D25-F) for DSSCs 

 

 

Table 4.12 Photovoltaic Parameters and Power Conversion Efficiencies of 

Natural Dye Extracts for DSSCs 

Sample Code Sample Name 
Jsc 

(mA/cm
2
) 

Voc 

(V) 
ff Efficiency (%) 

D24-F 
C. sativus (Red) 1.69 0.27 0.57 0.26 

D25-F 
C. sativus (Brown) 1.8 0.34 0.8 0.4 
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Comparison of the price estimation was made by observing the price of natural raw 

materials for natural dye sources as well as the price of synthetic dyes. The cost of 

synthetic dyes were checked on the synthetic dyes providing company's website like 

Sigma-Aldrich.  

Table 4.13 Comparison of Market Price of Various Natural and Synthetic 

Dyes  

Type of Dye Dye  

App. Cost of Dye 

(100 g) in US 

Dollars 

Dated 20/07/2018 

Source: Sigma 

Aldrich web source 

App. Cost of Dye 

(100 g) in PK 

Rupees 

Dated 20/07/2018 

 

Ruthenium-
based/Synthetic 
Organic Dye 

N3 351.61 45, 357.69 

N719 563.69 72, 761.01 

N749 245.67 (0.1gm) 31, 683. 69 

Z907 365.06 45, 931.74 

Natural Dye 

S. melongena 0.065 8.83 

V. vinifera 0.118 15.22 

B. oleracea 0.236 30.44 

R. damascena 0.12 15.0 
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5. DISCUSSION 

Natural dyes were successfully extracted from twenty five selected plants using basic 

extraction procedures. The color variations of natural extracts from orange to red and 

purple are the result of multiple pigments present in each dye including anthocyanin, 

betalain, chlorophyll etc. These pigments can be incorporated into the fabrication of 

dye-sensitized solar cells (DSSCs). It is evident from the results that the natural 

colorant with the maximum wavelength in the visible region of absorption spectrum 

considered as ultimate for the DSSCs. Absorption peak of D1-A showed the presence 

of betalain pigments as reported by Syafinar et al., (2015), betalains possess the 

ability to absorb within the range of 476-700 nm. Betalain pigments consist of 

carboxyl functional group while anthocyanins contains hydroxyl group additionally. 

Carboxyl group is responsible for stronger electron pairing bound. It can be seen in 

Graph 4.8 that the UV-Visible spectra all six dyes of A category exhibited two 

distinct bands emerging at 400-450 nm and 600-700 nm correspondingly. The former 

band which is at shorter wavelength is attributed to π-π* transition of electrons. The 

electron transition is higher for D1-A and followed by D2-A, D5-A and D6-A. The 

second band visible in the spectra of all natural dyes at longer wavelength recognized 

to the intermolecular charge transfer from donor to acceptor. It is evident from the 

Table 4.1 that the ICT value is also higher for D1-A dye as compared to all other dyes 

of the same category (A) which will lead to better photovoltaic performance of H. 

rosa-sinensis (D1-A) dye. The highest absorption wavelength out of all natural dye 

samples of B-category was recorded for D15-B dye extract.  

Natural dyes samples of all six categories showed almost similar behavior of light 

absorption. It is evident from the literature that absorption peaks within the range of 

510 nm to 550 nm are because of the presence of anthocyanins (Phinjaturus et al., 

2016). The presence of anthocyanin is confirmed in extracted colorants. Slight 

distinction in natural dyes response towards incident light and the absorption behavior 

of dyes are due to the derivatives of anthocyanin present in extracted dye solution. 

The anthocyanin molecules absorb light at the longer wavelengths (Narayan, 2012). 

The wider absorption range and strong absorption of dyes indicates their better light-

harvesting capability. 

A number of factors affect the stability of anthocyanin dyes in extracted form. Their 

stability primarily depends on the structural alterations. However, the most 
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appropriate conditions to protect anthocyanin dye from degradation are low pH or 

acidic condition and the extracts must be stored in the absence of light in order to 

avoid oxidation of the colorants. Elevated temperature might also affect the stability 

of anthocyanin pigments. 

In case of D23-E, chlorophyll is regarded as the chief pigment present in spinach 

leaves. Chlorophyll a and chlorophyll b are the main constituents of spinach leaves. 

The chlorophyll absorbs more efficiently in the blue and red regions of the absorption 

spectrum and weakly in the green section hence resulted in the green color of plant 

parts comprises of chlorophyll alike plant leaves. The chlorophyll molecules have a 

tendency to aggregate in the polar solvents (Lai et al., 2008). The expanded peaks are 

considered due to the ability of pigment harvesting a wider spectrum of solar energy 

which consequently be utilized to generate high photocurrent. 

Inspired by many earlier researches, cyclic voltammetry (CV) was used in the present 

study to investigate the electro-chemical performance of natural dyes, the capability 

of electron shift from the excited state of dye molecules to the conduction band of the 

semiconductor. The most practical technique for the characterization of organic 

materials and assessment of energy band is cyclic voltammetry (Leonat et al., 2013). 

The oxidation potentials were analyzed through CV which provides further evidence 

related to the feasibility of natural dyes to be used as sensitizers for solar cells. The 

oxidation peaks of all the natural dye extracts (D1-D25) indicates their potential of 

losing electron (e-) in the same manner the reduction behaviors of these extracts can 

demonstrate their regeneration capability. The hump which was observed in the 

voltammograms of many dyes reveals the high conversion power of these extracts. 

The electro-chemical characteristics of the extracted natural dyes were in accordance 

with the photo-physical characterization results. All natural dyes showed positive 

ground state oxidation potentials in comparison with the reduction potential which 

indicates the presence of strong forces for dye regeneration. Due to positive highest 

occupied molecular orbit (HOMO) level the extracted natural dyes can take electrons 

from the I/I3
- electrolyte which has a low energy level. Hence, it can be claimed that 

these dyes can be used as a photo-sensitizer for the fabrication of dye-sensitized solar 

cells (DSSCs) with various efficiencies. In case of the dyes with good oxidation peaks 

(D23-E, D21-D and D1-A) the short circuit current density (Jsc) is also higher as 
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compared to other dyes which lead to higher overall power conversion efficiency 

(Safie et al., 2017).  

Hwang et al. have reported that the photocurrent densities increase with higher 

adsorption of dyes that may in turn give superior characters to DSSCs owing to the 

low charge transfer resistance from the monolayer adsorption. High value of short 

circuit current density is the result of efficient bonding and association of the dye 

particles on to the nanoparticles layer and better charge transfer in the dye-sensitized 

solar cells (DSSCs). The maximum value of current density Jsc was observed in case 

of DSSC fabricated with  

The highest calculated photoelectrical conversion efficiency is achieved for D23-E 

dye solution which is η =1.4% followed by D21-D = 1.1% and D1-A= 1.02%. D2-A 

dye-based DSSC also resulted in good efficiency value which is 0.9%. This shows 

that the dye extracts with maximum absorption peak and best electro-chemical 

performance also have good efficiency. The D23-E dye comprises of spinach leaves 

extract that yielded the maximum absorption peak at 664 nm wavelength. Chlorophyll 

pigment present in methanolic dye solution is responsible for significantly high peak. 

It is also evident from the electro-chemical study of the dye that it has a strong 

potential to release electrons. Therefore, a good photon to current conversion 

efficiency value of 1.4% with high short circuit current density was achieved. The 

photovoltaic results are in harmony with UV and CV results which makes the dye 

(D23-E) a good choice for DSSC fabrication. 

It is generally accepted that the chemical adsorption of these dyes takes place due to 

the condensation of alcoholic bound protons with the hydroxyl groups present on the 

surface of the nanostructured TiO2 thin films. The attachment of the dye to TiO2 

surface stabilizes the excited state, and shifts toward the lower energy of the 

absorption maximum (Gokilamani et al., 2013). Anthocyanins are the pigments found 

in natural colorants ranging in shades from red to purple. Anthocyanin molecules 

comprises of carbonyl and hydroxyl groups that have the tendency to attach 

themselves to the nanoparticles surface. Therefore, facilitate the shifting of electrons 

from the dye towards the conduction band of TiO2. This process of electron transfer 

was also described by Alhamed et al., 2012. The dye obtained from most of the 

natural dye extracts have the potential of endorsing light harvesting and the electron 
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injection into the semiconductor conduction band. The anthocyanins obtained by 

natural extracts are capable of being chemically adsorbed to the semiconductor 

surface, sensitizing it to the visible region of the spectrum. The energy of the excited 

state of these dyes is also sufficient to encourage the electron injection into the 

semiconductor conduction band, therefore, convert the sunlight into electrical output. 

The use of other natural resources as dye sensitizers demonstrated that only selected 

extracts promotes the energy conversion. It is also evident from the literature 

(Hosseinnezhad et al., 2018) that photon to current values mainly relies on the 

binding power of the natural dyes to the nanoparticles surface. The amount of natural 

dye extract adhered to the layer of TiO2 nanoparticles also varies under similar 

conditions of dye concentration and nanoparticles film thickness. Consequently, the 

low photocurrent is the result of weak binding force among the extracted dye 

molecules and thin film of TiO2.  

The reactions took place inside the natural dye based solar cells were as follows. 

These reactions were also explained by Al-Bat'hi et al. 

Natural Dye + Incident Light               Natural Dye *   (1) 

Natural Dye + TiO2 Surface                e-  (TiO2) + Oxidized Natural Dye   (2) 

Oxidized Dye + Liquid Electrolyte (3/2 I)                 Dye + 1/2 I3   (3) 

1/2 I3 + e- (graphite counter electrode)                 3/2 I     (4) 

When comparing the price of natural dyes containing anthocyanin and chlorophyll 

pigments, it is clearly evident that the price is insignificant as compared to synthetic 

organic and metallic dyes. Cost comparison was observed from the previous literature 

(Kumara et al., 2017) and natural dyes are strongly recommended because of their 

cost effectiveness and sustainability. Moreover, the TiO2 nanoparticles paste selected 

to be used as photoanode after natural dye deposition is also an inexpensive, easy to 

access and non-hazardous compound. 

The choice of counter electrode and electrolyte is also of particular importance that 

directly influence the price and performance of natural DSSC. Bhogaita et al., (2016) 

concluded in their research that the combination of TiO2 nanoparticles layer and 
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platinum-based counter electrode along with iodine-based electrolyte is the best 

combination so far to achieve best efficiency. The main focus of current study was on 

low cost DSSCs so the pt counter electrode is replaced with graphite counter electrode 

to make the solar cell devices more economical. This does not affect the overall 

conversion efficiency of solar cells. When comparing the results of a previous study 

conducted by Bhogaita et al., (2016) where pt-based counter electrode was used, the 

efficiency obtained by the natural dye extract of yellow rose was 0.26%. The present 

study utilized graphite-based counter electrode to fabricate DSSCs with natural dye 

extract of yellow rose petals (D5-A) and 0.3% conversion efficiency was achieved. 

The strong interaction between nanoparticles surface and anthocyanin molecules 

causes an improved charge transfer and overall performance of solar cells. The 

benefits of incorporating natural dyes for DSSCs are enormous including their 

environmental friendliness and commercial/economical feasibility. However, the 

energy conversion efficiency obtained through these natural dye sensitized solar cells 

are still lower as compared to metallic and synthetic photosensitizers. Some serious 

efforts in natural dye sensitizers may spring up a perspective of commercial feasibility 

for inexpensive and environmentally friendly dye-sensitized solar cells. 

Cost of the raw plant materials were kept in mind while selecting plant species and 

cheap as well as easy to access plant materials were chosen. The price estimation of 

synthetic organic metallic and natural dyes indicates that ruthenium-based dyes are 

currently ruling the market of dye-sensitized solar cells due to their high efficiency 

yield in comparison to natural dyes. Maximum reported efficiency by Ru-based 

DSSCs is 10.8% (Nazeeruddin et al., 2003) which is several times higher than the 

efficiency obtained through natural dyes. However, reverse case was observed when 

cost comparison was made. Natural dyes are far more cheaper in cost. Estimated cost 

of various types of artificial and natural dyes is tabulated in Table 4.13 which 

indicates that the price of natural dyes are many times less than that of the Ru-based 

dyes and synthetic organic dyes which makes them a better choice for solar cell 

applications. Approximate prices of the dyes were taken through various literature and 

web sources and are inconsistent. Prices are meant to give an idea about the massive 

difference in the rate but the actual cost analysis can be performed in future studies. 
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It can be concluded that improved conversion efficiency of the fabricated solar cells 

can be achieved by altering pH and temperature values of the extracted natural dye 

solutions. 

Hence from the evidence of the present study, it is clearly found that natural dyes can 

be used as sensitizer for the dye-sensitized solar cells. As natural dyes are easily and 

equally available in all over the world, particularly for a developing and energy 

deprived country like Pakistan with significant plant resources, there are abundant 

opportunities for the development and reliability on natural dyes for the utilization in 

the fabrication of natural dye-sensitized solar cells.  

5.1 Conclusion 

Successful extraction of dyes from 25 different plant samples (D1-D25) was made by 

using simplest and cheap procedure while incorporating economically viable solvents. 

The obtained results clearly demonstrated that natural colorants from plant resources 

can be incorporated for the fabrication of natural dye based solar cells. The suitability 

of these dyes was assessed through UV-Visible spectrophotometry and cyclic 

voltammetry (CV) while the photovoltaic parameters were analyzed through J-V 

curves. Out of all the samples of natural dyes, D23-E, D21-D and D1-A resulted in 

prominently higher conversion efficiencies i.e. 1.4%, 1.1% and 1.02% respectively 

while all other dyes also showed considerably good results. The obtained efficiency 

values of most of natural dyes are in accordance with the photo-physical and electro-

chemical characteristics. Findings of the study showed that extracted natural dyes 

mainly contains anthocyanin, chlorophyll and betalain pigments and has a potential of 

producing clean, carbon free and green energy with no side effects to human health 

and environment. Conclusively, this research work was a contributory step in 

attaining eco-friendly, biodegradable, natural organic and cost-effective dye as a 

sensitizer for dye-sensitized solar cells (DSSCs). Furthermore, detailed structural 

analyses of the dyes as well as co-sensitization studies are yet to be done to 

investigate the actual potential and role of natural dyes for DSSCs. 
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PLATES 

 

 

 

Plate-1: Raw form of Hibiscus rosa-sinensis used for dye extraction (D1-A) 

 

 

Plate-2: Raw form of Brassica oleracea var. capitata used for dye extraction (D2-

A) 
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Plate-3: Raw form of Celosia argentea used for dye extraction (D3-A) 

 

 

Plate-4: Raw form of Rosa damascena used for dye extraction (D4-A) 
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Plate-5: Raw form of Rosa macdub used for dye extraction (D5-A) 

 

 

Plate-6: Raw form of Rosa macdub used for dye extraction (D6-A) 
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Plate-7: Raw form of Lycopersicon esculentum used for dye extraction (D7-B) 

 

 

Plate-8: Raw form of Ribes nigrum used for dye extraction (D8-B) 
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Plate-9: Raw form of Prunus domestica used for dye extraction (D9-B) 

 

 

Plate-10: Raw form of Punica granatum Seeds used for dye extraction (D10-B) 
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Plate-11: Raw form of Punica granatum Peels used for dye extraction (D11-B) 

 

 

Plate-12: Raw form of Vitis vinifera used for dye extraction (D12-B) 
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Plate-13: Raw form of Phoenix dactylifera (D13-B) used for dye extraction 

 

 

Plate-14: Raw form of Malus domestica used for dye extraction (D14-B) 
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Plate-15: Raw form of Solanum melongena used for dye extraction (D15-B) 

 

 

Plate-16: Raw form of Punica granatum used for dye extraction (D16-B) 
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Plate-17: Raw form of Semecarpus anacardium used for dye extraction (17-B)  

 

 

Plate-18: Raw form of Raphanus sativus used for dye extraction (D18-C) 



 
 

157 
 

 

 

Plate-19: Raw form of Beta vulgaris used for dye extraction (D19-C) 

 

 

Plate-20: Raw form of Daucus carota used for dye extraction (D20-C) 
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Plate-21: Raw form of Rubia tinctorum used for dye extraction (D21-D) 

 

 

Plate-22: Raw form of Alkanna tinctoria used for dye extraction (D22-D) 
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Plate-23: Raw form of Spinicia oleracea used for dye extraction (D23-E) 

 

 

Plate-24: Raw form of Crocus sativus used for dye extraction (D24-F) 
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Plate-25: Raw form of Crocus sativus used for dye extraction (D25-F) 

 

 

Plate-26: Various natural dyes extracted from plant materials 
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Plate-27: TiO2 nanoparticles coated FTO glass slides dipped in natural dye 

solutions 

 

 

Plate-28: Dye adsorbed on thin films of TiO2 
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Plate-29: Analysis of Photovoltaic Performance of DSSCs (J-V characterization) 

 

 

Plate-30: Photovoltaic characterization of fabricated DSSC though solar 

simulator 
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  Abstract 
 

Six natural dyes D1–D6 were extracted from various parts of Hibiscus rosa sinesis, Brassica oleracea, Celosia 

argentea, Rosa damascena, Rosa macdub (red and yellow) by maceration with ethanol for 24 hours for dye-

sensitized solar cells. Their photophysical, electrochemical and photovoltaic studies were carried out. UV-Vis 

absorption spectra of the dyes D1–D6 showed two distinct bands i.e. π – π* and ICT band. Out of all the 

extracted dyes, the dye D1 gave best absorption of ICT band at λmax 534 nm. Cyclic voltammetry of the dyes D1–

D6 was carried out which revealed the distinct oxidation and reduction peaks in D1 and D2 dyes while in other 

dyes these peaks were weak. The photovoltaic performance of the dyes D1–D6 was also measured by making 

sandwich type DSSCs. Their J-V curves showed open circuit voltage values of the dyes were 0.36V, 0.37V, 0.36V, 

0.34V, 0.34V, 0.39V and short circuit current density values are 5.48 mA/cm2, 5.69 mA/cm2, 1.71 mA/cm2, 3.99 

mA/cm2, 2.71 mA/cm2 and 5.18 mA/cm2 respectively. The best sunlight to energy conversion efficiency was 

obtained from D1 dye which has better UV absorption and it gave higher short circuit current density which 

leads to highest efficiency. Other dyes gave the efficiency in the following order D2=0.9% > D6=0.8% > 

D4=0.5% > D5=0.3% > D3=0.2%. 
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Introduction 

The energy sector has vital role in sustaining the 

modern social and economic world. The production of 

energy has been one of the core issues confronting 

mankind till today. World population was 2500 

million in 1950, which has already increased to 7000 

million till 2011 and an increase of 90 million peoples 

every year on this earth has been estimated (Pekka, 

2013). With the rapid increase in population, 

requirement of energy has increased enormously. 

Hoffert et al., 1998 projected that world energy 

consumption rate will double from 13.7 TW to 27 TW 

by 2050 and will triple to 43 TW by 2100.  

 

World is facing the energy shortage and this shortage 

is even going more worse in the developing countries 

(Liu et al., 2008; Karakus et al., 2017). At present, 

around 1.317 billion people all over the world are 

living without electricity (Abdullah et al., 2017). 

Demand of energy is continuously increasing due to 

overpopulation and industrial proliferation (Wakeel 

et al, 2016). Substitution of conventional sources of 

energy such as fossil fuels with the renewable energy 

resources like solar power is the main challenge of 

today's world (Nazeeruddin et al., 2011). The sun 

offers an ultimate way out to this challenge. The 

surface of earth receives about 13.6 TW of energy 

from the sun in only one hour which is more than 

what we consume annually (Calogero et al., 2015). 

Photovoltaic devices convert sunlight into electricity 

(Parida et al., 2011). Out of all photovoltaic 

techniques, dye-sensitized solar cells (DSSCs) also 

known as third generation solar cells have gained 

significant attention for the conversion of solar power 

into electricity with the help of sensitizing agents 

(O’Regan and Gratzel, 1991; Hao et al., 2006) 

synthetic, natural, metallic, organic or inorganic.  

 

Synthetic organic dyes with metal or without metal 

have been synthesized by various groups and 

successfully applied for the dye-sensitized solar cells. 

Though these dyes gave good results but they have 

much complication in synthesis and purifications. 

(Ayalew and Ayele, 2016). Furthermore, synthetic 

dyes are not only expensive but also tend to undergo 

degradation on the photoanode surface due to 

environmental influences (Zhang et al., 2008). 

 It has been reported by Enciso and Cerda (2016) that 

DSSCs fabricated with natural dyes evidenced the 

efficiency values up to 2% along with good stability. 

In 2008, Calogero and Marco acquired an efficiency 

of 0.66% using juice of red Sicilian orange as natural 

sensitizer for DSSCs. Coumarin dyes were also used 

as sensitizers with reported efficiency of 7.6% (Wang 

et al., 2007). The efficiency of DSSCs mainly depends 

on the absorption spectrum of the dye being used as 

photosensitizer and the electron transfer activity to 

the electrode (Dey et al., 2016). Anthocyanins from a 

variety of plants gave various photo-sensitizing 

performances. They are mainly responsible for cyanic 

colors ranging from pink to red then violet and deep 

blue (Narayan, 2012). According to the findings of 

Shahid et al., (2013), a variety of natural dyes illustrated 

different solar conversion efficiencies depending on dye 

source and its composition and interaction between dye 

molecules and nanostructured photo-electrode.  

 

Thus attention has been diverted toward natural dyes 

as these are versatile and easily available all over the 

world. Major natural dyes and pigments include 

chlorophyll, anthocyanins, flavonoids and carotenoids, 

which have been applied for dye-sensitized solar cells 

(Hernandez-Martinez et al., 2013; Lim et al., 2015). 

Chlorophyll is well-known and prime important 

pigment in term of absorbing specific wavelength of 

the visible light and its magnesium ion in the centre 

play an important role in absorbing sunlight (Rosana, 

2015). But chlorophyll is not an active sensitizer due 

to lack in binding sites with the TiO2 surface (Kartini 

et al., 2015). Hence different approaches were 

adopted to improve the conversion of sunlight to 

electricity from natural resources. Which include 

synergetic influence of natural dyes including 

anthocyanins, carotenoids, flavonoids etc because 

they have carboxyl as well as hydroxyl functional 

groups that can bind easily with the TiO2 surface 

(Vargas et al., 2000). Furthermore, chlorophyll 

absorb light over the wide range and have longer π-

conjugation system while other dyes and pigments 

played role for stabilization and higher molar 

extinction coefficient (Kim et al., 2013). 
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Owing to fundamental advantages of natural dyes of 

being easily available, lower cost, simplified extraction 

process, green technology and ability to stabilize in the 

environmental stress, these are preferred over 

synthetic dyes (Narayan, 2012; Hambali et al., 2014). 

Keeping in view of all factors, the current study was 

designed to evaluate the six natural dyes for dye-

sensitized solar cells. Six different type of flowers from 

Hibiscus rosa sinesis (Red colored flower), Brasicca 

oleracea (Purple colored flower), Celosia argentea 

(Deep red color), Rosa damascena (Bright Red color) 

and Rosa macdub (yellow and red flowers) for 

application in dye-sensitized solar cells. Their photo-

physical, electrochemical and photovoltaic studies are 

carried out. 

 

Materials and methods 

Natural Dye Extraction from Flowers 

Extraction of natural dyes from the plant material was 

carried out via the reported procedure by Senthil et 

al., 2014 with minor modifications. 250 gm of six 

different types of locally available flower species 

namely Hibiscus rosa sinesis, Brasicca oleracea, 

Celosia argentea, Rosa damascena and Rosa 

macdub were collected and codes were assigned to 

each sample from D1–D6 respectively. After 

collection, for the flower species like D1, D3, D4, D5 

and D6, petals were separated and cleaned in order to 

remove dust, buds and pollens. Well-cleaned samples 

were finely chopped and soaked in 1.5 L of ethanol 

with few drops of conc. nitric acid in amber colored 

bottles for 24 hours. The residual solids were filtered. 

The filtrate was collected in a separatory funnel and 

washed with hexane several times to remove all fatty 

materials and chlorophyll present in the extract. The 

dyes D1, D2, D4 and D6 have bright red color while 

dyes D3 and D5 have yellow color. All these dyes were 

collected and 100mL of each solvent was removed 

through rotary evaporator. The extracted dyes 

(50mL) were stored in reagent glass bottles in dark in 

a refrigerator.  

 

UV-Vis Absorption Spectroscopy 

The photo-absorbance of natural dyes were measured 

through UV-visible spectrophotometry. The extracted 

dyes were diluted 10 times with ethanol. 

The absorption spectrum was recorded within the 

spectral range of 350-800 nm after adjusting the 

baseline with the help of Hitachi U-3300 

spectrophotometer. 

 

Cyclic Voltammetry Measurements 

Electrochemical properties of the extracted natural 

dyes D1–D6 were analyzed through cyclic 

voltammetry by using the conventional three-

electrode system in a compartment using an Eco 

Chemie Autolab PGSTAT 302 Potentiostat/ 

Galvanostat drived by GPES 4.9 software (Utrecht, 

The Netherlands) by following the reported method 

by Kavitha et al., 2017 with slight alterations. Platinum 

was used as working electrode in addition to counter 

electrode and Ag/AgCl wire was used as the reference 

electrode at a scan rate of 50 mV/s. All three electrodes 

were immersed in supporting electrolyte solution 

containing natural dye at room temperature. 0.1 M 

Tetrabuty lammonium Perchlorate (TBAClO4) solution 

in distilled water was used as supporting electrolyte. All 

solutions were degassed with argon before analysis.  

 

Preparation of Working Electrode (TiO2 Coated 

FTO Glass) 

The cells were assembled by using FTO glass as 

working electrode coated with nanostructured 

particles of TiO2. A suspension of TiO2 nanoparticles 

was prepared by following the procedure previously 

adopted by Ghani et al. (2014). At first, FTO glass was 

cut into 1x1.5 dimensions pieces. The glass pieces 

were thoroughly washed with detergent using 

ultrasonic bath for 20 minutes and a TiO2 blocking 

layer was coated on the FTO glass substrates by 

immersing in 50 mM TiCl4 ethanol solution for 30 

min at a temperature of 70 oC. The nanoparticles 

colloid was prepared by combining 2 g TiO2 powder, 4 

mL deionized water (DI), 0.1 mL Triton X and 0.8 mL 

of acetylacetone. The mixture was placed for stirring 

in an ultrasonic bath for 2 hours. The mesoporous 

film of colloid was homogenously deposited on TiO2 

blocking layer through doctor blade method and 

sintered for 450 oC for 30 minutes. After cooling 

down, the TiO2 anode was immersed in concentrated 

natural dye extract for 24 hours at room temperature.  
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Fabrication of DSSCs with Natural Dyes 

The light harvesting properties of the DSSCs 

fabricated with six extracted natural dyes were 

analyzed after drying the TiO2 coated photoanode. 

The photoanode and counter electrode were 

sandwiched together face to face. The two electrodes 

were held jointly with the help of binder clips. The 

fabrication of DSSC was completed by injecting a 

drop of Iodine/Tri Iodide (I-/I-3) electrolyte in the 

aperture between photoanode (working electrode) 

and counter electrode which was made with graphite. 

The electrolyte helps to maintain the electrical path 

among both electrodes. A solar simulator (SS80AAA 

by Photo Emission Tech. Inc. USA) was used under 

solar irradiation power of 100 mW/cm2 to scrutinize 

the photoelectric conversion efficiency of DSSCs. The 

J-V curves were obtained using a digital electrometer 

which is connected to a computer. The short circuit 

current density Jsc and open circuit voltage Voc values 

were evaluated from the J-V curves. The fill factor ff 

and average conversion efficiency (η) of the dye-

sensitized solar cell was calculated for each dye 

sample with the help of following current voltage 

relationship equations. 

 

ff = Imax × Vmax /Jsc × Voc  (1) 

ƞ = ff × Jsc × Voc   (2) 

 

where Imax is the maximum power point current 

(mA/cm2) and Vmax is the maximum power point 

voltage (V).  

 

Results & discussion 

UV Absorption of Natural Dyes 

A total number of six natural dyes were used as 

sensitizers for DSSCs. The absorption of the natural 

dyes extracted and diluted with ethanol was 

measured using UV-Visible spectrophotometer. The 

UV-Vis absorption data of the dyes D1–D6 extracted 

with ethanol from flowers is enlisted in Table 1. 

Fig. 1. shows the representative UV-Vis light absorption 

spectra for the ethanolic extracts of all the dyes. It is 

evident from the Fig. 1. that the absorption peaks of 

all the D1–D6 dye solutions were within the UV and 

Visible range of spectrum from 358 nm to 534 nm. 

All the dyes have two distinct bands one π-π* band 

(225-425 nm) and ICT band (500-625 nm). The 

maximum absorption 534 nm at ICT band was 

observed in dye D1 followed by D2 with 532 nm 

absorption. The intensity of absorption was D1>D2, 

D5, D6>D4>D3 respectively. The absorption spectra 

of three of the dyes D2, D5 and D6 shows an 

absorption peak at 532 nm. D4 dye has an absorption 

peak at 412 nm while the lowest absorption peak is 

observed in case of D3 dye extract which has a 

yellowish color. As shown in Fig. 1. D1 peak is at 

highest wavelength while other five samples also have 

similar absorption patterns. This absorption peak 

attributes the presence of anthocyanins, which are 

known as group of natural phenolic compounds and 

is the main component of all these natural dye 

extracts. 

 

Table 1. Wavelength and maximum absorption of 

natural extracts in visible region of spectrum. 

Sample 
code 

Botanical 
Name 

Part used 
for dye 

extraction 

Wavelength 
ICT band 

(nm) 
Absorbance 

D1 
Hibiscus 
rosa 
sinensis 

Petals 534 nm 1.125 

D2 
Brassica 
oleracea 

Flower 532 nm 0.686 

D3 
Celosia 
argentea 

Flower 358 nm 0.642 

D4 
Rosa 
damascena 

Petals 412 nm 0.78 

D5 
Rosa 
macdub 

Petals 532 nm 0.199 

D6 
Rosa 
macdub 

Petals 532 nm 0.61 
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Fig. 1. UV-Vis absorption spectra of all six natural 

dye sensitizers (D1-D6). 
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Cyclic Voltammetry of Natural Dyes  

The electrochemical behavior of natural dyes were 

investigated by means of cyclic voltammetry. The 

cyclic voltammograms of all six natural extracts are 

presented in Fig. 2. The D1 and D2 dye extracts 

exhibits clear oxidation peaks and proved to be more 

suitable for their application in DSSCs. The presence 

of hydroxyl and carbonyl groups in anthocyanins 

molecules of extracted natural dyes could bound to 

the surface of absorbent TiO2 thin films which is 

responsible for the electron movement from the 

anthocyanins molecules to the conduction band of 

TiO2. 
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Fig. 2. Cyclic voltammograms of individual dye 

extracts of all six samples of flowers (D1-D6).  

 

Photovoltaic Performance of Natural Dyes 

The DSSCs fabricated with natural extracts were tested 

for their performance and the current-voltage curves 

were attained by a digital multimeter (Keithley, 2014). 

The photocurrent density- photovoltage (J-V) profiles 

of DSSCs fabricated with six natural dyes are shown 

in Fig.3. The detailed photovoltaic parameters like Voc, 

Jsc, ff and η of DSSCs using natural dye extracts are 

tabulated in Table 2. In order to construct an effective 

and efficient DSSC, the extracted natural dye must be 

well-adsorbed on the top of the semiconducting layer. It 

is evident from Fig. 3 that Jsc (short-circuit current 

density) values of D2 = 4.69 mA/cm2 and D1 = 5.48 

mA/cm2 are higher and in accordance with their UV 

results followed by D6 = 5.18 mA/cm2, D4 = 3.99 

mA/cm2, D5 = 2.71 mA/cm2 and D3 = 1.71 mA/cm2. 
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Fig. 3. J-V curves of the natural dyes D1-D6.  

 

According to the results presented in Tab. 2. the 

conversion efficiencies of cells based on natural dyes 

D1–D6 are 1.02%, 0.9%, 0.2%, 0.5%, 0.3% and 0.8% 

respectively. The best fill factor value was achieved 

from the dye D1 = 0.51 with Jsc and Voc values of 5.48 

mA/cm2 and 0.36V respectively with an active area of 

1 cm2.  

 

Table 2. Photovoltaic parameters and power 

conversion efficiencies of natural dye extracts of 

flowers for DSSCs. 

Sample 

Code 
Sample Name 

Jsc 

(mA/cm2) 

Voc 

(V) 
ff 

Efficiency 

(%) 

D1 
Hibiscus rosa 

sinensis 
5.48 0.36 0.51 1.02 

D2 
Brassica 

oleracea 
5.69 0.37 0.44 0.9 

D3 
Celosia 

argentea 
1.71 0.36 0.40 0.2 

D4 
Rosa 

damascena 
3.99 0.34 0.35 0.5 

D5 
Rosa macdub 

(yellow) 
2.71 0.34 0.33 0.3 

D6 
Rosa macdub 

(red) 
5.18 0.39 0.42 0.8 

 

The highest sunlight to electricity conversion efficiency 

(η =1.02%) was obtained from the dye D1 followed by 

the dye D2 (η = 0.9%). Both these dyes have better UV-

absorption, as there ICT band have clear peaks at 534 

nm and 532 nm respectively. There short circuit current 

density is also higher as compared to other dyes (Table 

2) which lead them higher overall power conversion 

efficiency (Safie et al., 2017).  
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Hence from this study, it is clearly found that natural 

dyes can be used as sensitizer for the dye-sensitized 

solar cells. As natural dyes are easily and equally 

available in all over the world, so there are ample 

opportunities for the development and reliability on 

natural dyes for DSSCs. 

 

Conclusion  

Natural resources are utilized to extract six different 

dyes (D1-D6) from locally available flower species. 

These natural dyes extracts have been used as 

sensitizers for solar cells. Suitability of these dyes for 

fabrication of DSSCs was assessed by UV-Vis 

spectroscopy, cyclic voltammtery and finally through 

J-V curves. DSSCs using thin films of TiO2 

nanoparticles and the natural dyes were assembled. 

The relation between the absorbance of natural dyes 

and their conversion efficiency is analyzed and 

strongly observed. The optical absorption and J-V 

measurement of all dye sensitizers shows interesting 

values of Jsc, Voc and ff. Out of all the extracted 

natural dyes (D1-D6), the D1 dye extracted from 

Hibiscus rosa sinesis presents the highest absorption 

peak at at ICT band 534 nm, high short circuit current 

density and best photoelectric conversion efficiency of 

1.02%. All other natural extracts also presents 

considerable results. Natural dyes as light harvesting 

material for DSSCs are promising future candidate 

due to environment friendliness, low-cost of 

production and ease of fabrication. 
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