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Abstract 
In this study, natural dye-sensitized solar cells (NDSSCs) were fabricated using 
crude and purified natural dye extracts aimed at investigating the effect of purified 
natural dyes on the dye-sensitized solar cell (DSSC) performance. Ethanol and 
methanol solvents were used to extract natural dyes from Senna singueana flowers, 
Senna singueana leaves, Ximenia caffra fruits, and Bougainvillea glabra bracts. 
Liquid-liquid extraction (LLE) method was used to purify the ethanol and methanol 
natural dye extracts. Ultraviolet-visible (UV-VIS) characterization of the extracted 
natural dyes revealed that two Senna singueana flower, six Senna singueana leaf, 
two Ximenia caffra fruit, and five Bougainvillea glabra bract extracts attained light-
harvesting efficiency (LHE)of more than 73 % and energy bandgap (Eg) lower than 
2.92 eV. In order to find out the effect of purification on the DSSC performance 
parameters and stability, NDSSCs were fabricated using Senna singueana leaf 
ethanol (SLE), Senna singueana leaf petroleum ether separate (SL1), Senna 
singueana leaf chloroform separate (SL2), Senna singueana leaf ethyl acetate 
separate (SL3), Senna singueana leaf n-butanol separate (SL4), Bougainvillea glabra 
bract ethanol (BBE), Bougainvillea glabra bract chloroform separate (BB2), and 
Bougainvillea glabra bract aqueous separate (BB5) extracts. The power conversion 
efficiency (η) of the fabricated NDSSCs were as follows: SLE (0.68 %), SL1 (0.02 
%), SL2 (0.51 %), SL3 (0.41 %), SL4 (0.04 %), BBE (0.45 %), BB2 (0.02 %), and 
BB5 (0.04 %). Therefore, the η and stability due to aging of the NDSSCs using 
purified natural dyes were found to be lower than those using crude natural dyes. 
This means that, the natural dyes exhibited a synergetic effect. In this study, it was 
concluded that purification of ethanol extracts from Senna singueana leaves and 
Bougainvillea glabra bracts resulted a negative effect on the DSSC performance 
parameters (especially the η)and stability. 
 
 
 
 



 

vi  

Table of Contents 
Declaration and Copyright ........................................................................................ i 
Certification .............................................................................................................. ii 
Acknowledgments ................................................................................................... iii 
Dedication ............................................................................................................... iv 
Abstract .................................................................................................................... v 
Table of Contents .................................................................................................... vi 
List of Tables ........................................................................................................... ix 
List of Figures .......................................................................................................... x 
List of Abbreviations & Symbols ............................................................................ xi 
CHAPTER ONE ....................................................................................................... 1 
INTRODUCTION .................................................................................................... 1 
1.1 Introduction ........................................................................................................ 1 
1.2 General Introduction ........................................................................................... 1 
1.3 Statement of the Problem ................................................................................... 6 
1.4 Objectives ........................................................................................................... 7 
1.4.1 General Objective ............................................................................................ 7 
1.4.2 Specific Objectives .......................................................................................... 7 
1.5 Research Questions ............................................................................................ 8 
1.6 Significance of the Study ................................................................................... 8 
1.7 Chapter Summary ............................................................................................... 8 
CHAPTER TWO .................................................................................................... 10 
LITERATURE REVIEW ....................................................................................... 10 
2.1 Introduction ...................................................................................................... 10 
2.2 Solar Cells (SCs) .............................................................................................. 10 
2.3 Components and Working Principle of a DSSC .............................................. 11 
2.4 Extraction of Natural Dyes ............................................................................... 13 



 

vii  

2.5 Purification of Natural Dyes ............................................................................. 16 
2.6 Optical Properties of Natural Dyes................................................................... 18 
2.7 Fabrication of DSSCs ....................................................................................... 21 
2.7.1 Preparation of Working Electrodes (WEs) .................................................... 21 
2.7.2 Preparation of Counter Electrodes (CEs) ...................................................... 23 
2.7.3 Preparation of Electrolytes ............................................................................ 24 
2.7.4 Assembling of DSSCs ................................................................................... 25 
2.8 Determination of DSSC Performance Parameters ........................................... 25 
2.9 Chapter Summary ............................................................................................. 25 
CHAPTER THREE ................................................................................................ 27 
METHODOLOGY ................................................................................................. 27 
3.1 Introduction ...................................................................................................... 27 
3.2 Extraction of Natural Dyes ............................................................................... 27 
3.3 Purification of Extracted Natural Dyes ............................................................ 30 
3.3.1 Solvent Evaporation and Water Maceration of Natural Dye Solids.............. 30 
3.3.2 Liquid-Liquid Extraction (LLE) Method ...................................................... 31 
3.4 Optical Properties of Extracted Natural Dyes .................................................. 34 
3.5 Fabrication of NDSSCs .................................................................................... 34 
3.5.1 Preparation of Working Electrodes (WEs) .................................................... 34 
3.5.2 Preparation of Counter Electrodes (CEs) ...................................................... 35 
3.5.3 Preparation of Redox Couple Electrolyte ...................................................... 36 
3.5.4 Assembling of NDSSCs ................................................................................ 37 
3.6 Determination of NDSSC Performance Parameters......................................... 37 
3.7 Chapter Summary ............................................................................................. 38 
CHAPTER FOUR .................................................................................................. 39 
RESULTS AND DISCUSSION ............................................................................ 39 
4.1 Introduction ...................................................................................................... 39 



 

viii  

4.2 Absorbance Spectra of Senna Singueana Flower Extracts .............................. 39 
4.3 Absorbance Spectra of Senna Singueana Leaf Extracts .................................. 41 
4.4 Absorbance Spectra of Ximenia Caffra Fruit Extracts ..................................... 44 
4.5 Absorbance Spectra of Bougainvillea Glabra Bract Extracts .......................... 45 
4.6 Performance Parameters of Fabricated NDSSCs ............................................. 47 
4.6.1 J – V and P – V Curves for Selected Senna Singueana Leaf Extracts........... 47 
4.6.2 J – V and P – V Curves for Selected Bougainvillea Glabra Bract Extracts .. 50 
4.7 Chapter Summary ............................................................................................. 51 
CHAPTER FIVE .................................................................................................... 53 
CONCLUSION AND RECOMMENDATIONS ................................................... 53 
5.1 Introduction ...................................................................................................... 53 
5.2 Conclusion ........................................................................................................ 53 
5.3 Recommendations ............................................................................................ 54 
5.4 Chapter Summary ............................................................................................. 54 
REFERENCES ....................................................................................................... 55 

 
 
 
 
 
 
 
 
 
 
 
 



 

ix  

List of Tables 
Table 4.1: LHE and Eg for Senna Singueana Flower Extracts ................................... 41 
Table 4.2: LHE and Eg for Senna Singueana Leaf Extracts ....................................... 43 
Table 4.3: LHE and Eg for Ximenia Caffra Fruit Extracts ......................................... 45 
Table 4.4: LHE and Eg for Bougainvillea Glabra Bract Extracts .............................. 47 
Table 4.5: Performance Parameters for Selected Senna Singueana Leaf Extracts .... 49 
Table 4.6: Performance Parameters for Selected Bougainvillea Glabra Bract Extracts
 .................................................................................................................................... 51 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 



 

x  

List of Figures 
Figure 1.1: Depletion of Fossil Fuels ........................................................................... 2 
Figure 2.1: J – V and P – V Curves  of a SC .............................................................. 11 
Figure 2.2: Components of a DSSC ........................................................................... 12 
Figure 2.3: Working Principle of a DSSC ................................................................. 13 
Figure 3.1: (a) Senna Singueana Flowers (b) Senna Singueana Leaves (c) Ximenia 

Caffra Fruits (d) Bougainvillea Glabra Bracts ....................................... 27 
Figure 3.2: Crushed Natural Dye Samples ................................................................. 28 
Figure 3.3: (a) Soaked Crushed Ximenia Caffra Fruits (b) Filtration for Natural Dyes  

(c) Storage of Prepared Natural Dye Filtrates ......................................... 29 
Figure 3.4: Rotary Evaporator ................................................................................... 31 
Figure 3.5: Separation of Mixtures by LLE Method                                                   

(a) Petroleum Ether + Sample SLB, (b) BBB Sample + Chloroform,     
(c) Ethyl Acetate + Sample BBB, (d) n-Butanol + Sample BBB ........... 32 

Figure 3.6: Purification of  Natural Dyes Flow Chart ................................................ 33 
Figure 3.7: (a) Doctor Blading FTO Slide, (b) FTO Slides Coated with TiO2 Paste 35 
Figure 3.8: Natural Dye Deposition on TiO2 Layer Coated-FTO Slide .................... 35 
Figure 3.9: Preparation of Working Electrode(WE) .................................................. 36 
Figure 3.10: Preparation of I-/I-3 Redox Couple Electrolyte ...................................... 37 
Figure 3.11: Assembled NDSSC Showing (a) WE (b) CE ........................................ 37 
Figure 3.12: Electrical Properties Measurement Circuit ............................................ 38 
Figure 4.1: Absorbance Spectra of Senna Singueana Flower Extracts ...................... 40 
Figure 4.2: Absorbance Spectra of Senna Singueana Leaf Extracts .......................... 42 
Figure 4.3: Absorbance Spectra of Ximenia Caffra Fruit Extracts ............................ 44 
Figure 4.4: Absorbance Spectra of Bougainvillea Glabra Bract Extracts ................. 46 
Figure 4.5: J – V Curves for Selected Senna Singueana LeafExtracts ...................... 48 
Figure 4.6: P – V Curves for Selected Senna Singueana LeafExtracts ...................... 49 
Figure 4.7: J – V Curves for Selected Bougainvillea Glabra BractExtracts .............. 50 
Figure 4.8: P – V Curves for Selected Bougainvillea Glabra BractExtracts ............. 51 
  



 

xi  

List of Abbreviations & Symbols 
a.u.  Absorbance Unit 
a-Si Amorphous Silicon 
BB1                 Bougainvillea Glabra Bract Petroleum Ether Separate 
BB2 Bougainvillea Glabra Bract Chloroform Separate 
BB3 Bougainvillea Glabra Bract Ethyl Acetate Separate 
BB4 Bougainvillea Glabra Bract n-Butanol Separate 
BB5 Bougainvillea Glabra Bract Aqueous Separate 
BBA Bougainvillea Glabra Bract Ethanol Extract Part A 
BBB Bougainvillea Glabra Bract Aqueous Extract Part B 
BBE Bougainvillea Glabra Bract Ethanol Extract 
Br- Bromide ion 
CB                   Conduction Band 
CC Column Chromatography 
CdSe Cadmium Selenide 
CdTe Cadmium Telluride 
CE Counter Electrode 
Cl- Chloride ion 
CO2 Carbon Dioxide 
D Photo-Sensitizer Dye 
D* Excited Photo-Sensitizer Dye 
D+ Oxidized Photo-Sensitizer Dye 
DMM Digital Multimeter 
DSSC Dye-Sensitized Solar Cell 



 

xii  

e- Electron 
Eg Energy Bandgap 
eV Electron-volt 
FF Fill Factor 
FTO                Fluorine-doped Tin Oxide 
GHG Greenhouse Gas 
h Planck's constant 
H2O Water 
HOMO Highest Occupied Molecular Orbital 
HPLC High Performance Liquid Chromatography 
I Current 
I- Iodide ion 
I-/I-3 Iodide/Tri-iodide ions 
I2 Iodine 
In2O3 Indium Oxide 
ITO Indium-doped Tin Oxide 
J Current Density 
Jm Current Density at Maximum Power Density 
Jsc Short-Circuit Current Density 
k kilo (a thousand) 
KI Potassium Iodide 
kWh Kilowatt-hour 
LHE Light-harvesting Efficiency 
LiI Lithium Iodide 



 

xiii  

LLE Liquid-Liquid Extraction 
LUMOLowest Unoccupied Molecular Orbital 
M Molar (mole per litre) 
MDSSC Metal-based Dye-Sensitized Solar Cell 
MW Megawatt 
NaI Sodium Iodide 
Nb2O5 Niobium Pentoxide 
NDSSC Natural Dye-Sensitized Solar Cell 
NiO Nickel Oxide 
NIR                 Near-Infrared 
nm             Nanometer (10-9metre) 
NUV               Near-Ultraviolet 
O2 Oxygen 
ODSSC Organic Dye-Sensitized Solar Cell 
OSC Organic Solar Cell 
P Power Density 
Pi                     Power Density Input 
Pm Maximum Power Density 
PSC Perovskite Solar Cell 
QDSC Quantum Dots Solar Cell 
rpm Revolution per minute 
Ru Ruthenium 
SF1 Senna Singueana Flower Petroleum Ether Separate 
SF2 Senna Singueana Flower Chloroform Separate 



 

xiv  

SF3 Senna Singueana Flower Ethyl Acetate Separate 
SF4 Senna Singueana Flower n-Butanol Separate 
SF5 Senna Singueana Flower Aqueous Separate 
SFA Senna Singueana Flower Methanol Extract Part A 
SFB Senna Singueana Flower Aqueous Extract Part B 
SFM Senna Singueana Flower Methanol Extract 
SL1 Senna Singueana Leaf Petroleum Ether Separate 
SL2 Senna Singueana Leaf Chloroform Separate 
SL3 Senna Singueana Leaf Ethyl Acetate Separate 
SL4 Senna Singueana Leaf n-Butanol Separate 
SL5  Senna Singueana Leaf Aqueous Separate 
SLA Senna Singueana Leaf Ethanol Extract Part A 
SLB Senna Singueana Leaf Aqueous Extract Part B 
SLE Senna Singueana Leaf Ethanol Extract 
SnO2 Tin Oxide 
SrTiO3 Strontium Titanate (Strontium Titanium Oxide) 
SSC Silicon Solar Cell 
TCO Transparent Conducting Oxide 
TiO2 Titanium Dioxide 
TLC Thin Layer Chromatography 
TW Terawatt 
V Voltage 
VIS Visible 
Vm Voltage at Maximum Power Density 



 

xv  

Voc Open-Circuit Voltage 
WE Working Electrode 
WO3 Tungsten Trioxide 
XF1 Ximenia Caffra Fruit Petroleum Ether Separate 
XF2                Ximenia Caffra Fruit Chloroform Separate 
XF3                Ximenia Caffra Fruit Ethyl Acetate Separate 
XF4 Ximenia Caffra Fruit n-Butanol Separate 
XF5 Ximenia Caffra Fruit Aqueous Separate 
XFA Ximenia Caffra Fruit Ethanol Extract Part A 
XFB Ximenia Caffra Fruit Aqueous Extract Part B 
XFE Ximenia Caffra Fruit Ethanol Extract 
Zn2SnO4Zinc Stannate (Zinc Tin Oxide) 
η Power Conversion Efficiency 
λ Wavelength 
ν Frequency of Electromagnetic Radiation 
 



 

1  

CHAPTER ONE 
INTRODUCTION 

1.1 Introduction 
This chapter discusses briefly the general introduction on the energy crisis problem 
and dye-sensitized solar cells (DSSCs) as the future promising solution to the crisis. 
Statement of the research problem, research objectives, research questions, and 
significance of the study are presented. Lastly, a concluding chapter summary is 
given. 
1.2 General Introduction 
In today’s world, energy is needed in almost every walk of our daily life activities 
such as transportation, manufacturing, farming, cooking, and lighting (Ganta et al. 
2019). Energy has different forms, but electricity is the most widely form used as it 
can be easily converted to all other forms of energy (Simiyu, 2010; Solanki, 2015). 
Presently, the global energy demand is about 17 TW (Pandey et al., 2019) and is 
expected to increase up to 25 – 30 TW in 2050 (Mozaffari et al., 2016; Pandey et al., 
2019). In this regard, the global energy demand increases proportionally with the 
increase of the global population and the socio-economic activities that run by 
energy (Mughal et al., 2018).Thus, energy from various sources is consumed for 
individual and national developments. 
Generally, the sources of energy are categorized into non-renewable energy and 
renewable energy (Dawoud, 2016; Twidell & Weir, 2015). Non-renewable energy 
(nuclear and fossil fuels) is “energy obtained from static stores of energy that remain 
underground unless released by human interaction” (Twidell & Weir, 2015). Fossil 
fuels (oil, natural gas, and coal) have got two main drawbacks – depletion and 
environmental destruction. This is because fossil fuel reserves are finite, thus they 
will run out in the future times. For instance, crude oil reserves are running out at a 
rate of 4 billion tons per year, thus assuming constant population and lifestyles, at 
this rate the known oil reserves will last in 2052 (Ecotricity, 2019). Similarly, natural 
gas and coal are finite hence expected to run out as depicted in Figure 1.1. Also, the 
burning of fossil fuels releases greenhouse gases (GHG) such as carbon dioxide 
(CO2), consequently leading to global warming, droughts, submerging of islands, and 
melting of ice (Solanki, 2015).On the other hand, nuclear fuels produce cheap and 
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low-carbon electrical power than fossil fuels (G. Kibria, 2017). Similarly, nuclear 
fuels suffer from depletion (Twidell & Weir, 2015) and environmental destruction in 
case a catastrophic accident occurs (G. Kibria, 2017). However, the main sources of 
electricity in the world are fossil fuels (non-renewable energy). Thus, to curb the 
depletion of non-renewable energy sources and environmental pollution there is a 
need for searching other energy sources, particularly clean and sustainable renewable 
energy sources in order to meet the future energy demand(Adedokun, et al., 2018). 

 
Figure 1.1: Depletion of Fossil Fuels (Pandey et al., 2019) 

On the other hand, renewable energy is “energy obtained from naturally repetitive 
and persistent flows of energy occurring in the local environment” (Twidell & Weir, 
2015). Examples of renewable energies are biomass, hydro, wind, geothermal, and 
solar (Richhariya et al., 2017). Renewable energy is fast replenished, available, free, 
and environmentally-friendly (Dawoud, 2016; Saif, 2014). Biomass is the byproduct 
of different biological sources such as trees, grass, seaweeds, and waste products that 
can be used as sources of energy (Ghosh & Prelas, 2011). It is a renewable energy 
because plants are replenished by cultivating. Although biomass is replenished but it 
is not a clean energy source due to releases of CO2 when burnt. While hydropower 
depending on rain, and so renewable energy since the water cycle is a continuous 
process (Ghosh & Prelas, 2011). Hydropower plays a big role in contributing to the 
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supply of electricity in the world (Ghosh & Prelas, 2011). However, due to 
unexpected drought and scarcity of rainfall hydropower is less sustainable. 
Moreover, geothermal is the heat energy trapped in the interior part of the earth. The 
constant flow of heat from the earth ensures an inexhaustible and essentially limitless 
supply of energy for billions of years to come (Ghosh & Prelas, 2011). Thus, it is a 
renewable energy sinceheat is continuously produced inside the earth and water is 
replenished by rainfall/or injecting back the condensed steam through injection wells 
in order to balance the hydrostatic pressure and fluid mass (Ghosh & Prelas, 2011; 
Gupta & Roy, 2007). However, harnessing this energy is expensive. On the other 
hand, wind power is caused by a pressure difference resulting from uneven heating 
of the earth’s surface and atmosphere. As the earth’s surface and atmosphere 
receiveenergy from the sun continuously, then wind poweris a renewable energy 
source. It is clearly seen from these renewable energy sources that almost all are 
derived from the sun. This is because, hydropower depends on water cycle that in 
turn depends on the sun, wind blows are caused by uneven heating of the earth’s 
surface and atmosphere by the sun, and similarly bioenergy is the energy stored by 
plants from the sun (Ghosh & Prelas, 2011; Twidell & Weir, 2015). Thus, taping 
solar energy directly from the sun is imperative. Solar energy is defined as “the 
energy that is harvested directly from the sun using solar cells or concentrators” 
(Ghosh & Prelas, 2011). Numerous studies report that the solar energy received by 
the earth in two minutes is about 24 TW that is enough to satisfy the annual global 
energy demand which is 17 TW(M. T. Kibria et al., 2014; Kumavat et al., 2017; 
Pandey et al., 2019; Shaikh et al., 2017). However, the main challenge is how to 
harness this enormous amount of energy from the sun into different useful energy for 
various purposes such as heating and electricity generation.Among the renewable 
energy, the most suitable alternative to non-renewable energy is solar energy 
(Pandey et al., 2019). This is because solar energy is constantly available, abundant, 
and clean worldwide resource (Dawoud, 2016; Ganta et al., 2019; Ghosh & Prelas, 
2011; Saif, 2014). 
Solar energy-harvesting technologies are available, and the most suitable approach to 
convert solar energy directly from solar radiation to electricity is using solar cells 
(Pandey et al., 2019). Different solar cell technologies have been made (Setiawan 
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etal., 2017). These technologies form three different generations. The first-generation 
solar cells are silicon solar cells (SSCs). In ordinary sunshine, the commercial SSCs 
have been reported to have power conversion efficiency (η) between 12 % and 25 % 
(Twidell & Weir, 2015). However, the process used for the production of SSCs is 
highly expensive , thus this makes them being unaffordable commercial solar cells 
(Mbonyiryivuze, 2014; Richhariya et al., 2017; Setiawan et al., 2017). The second-
generation solar cells are thin-film solar cells. This generation comprises of 
amorphous silicon (a-Si, η ~ 12 %), cadmium telluride (CdTe, η ~ 20 %), and copper 
indium gallium selenide (CIGS, η ~ 20 %) solar cells (Ganta et al., 2019; Richhariya 
et al., 2017; Setiawan et al., 2017). These solar cells have low production costs and 
comparable efficiency to the first-generation solar cells (M. T. Kibria et al., 2014). 
However, these cells use rare (tellurium) and toxic (cadmium) materials that require 
highly sophisticated vacuum technology. Thus, these cells pose environmental 
threats, limit mass production, and their production is still expensive (Pandey et al., 
2019). While third-generation solar cells includes organic (OSC, η ~ 11%), quantum 
dots (QDSC,  η ~ 10%), perovskite (PSC, η ~ 22%), and dye-sensitized (DSSC, η ~ 
14%) solar cells (Pandey et al, 2019). 
OSCs employ organic or polymer materials to convert light energy to electrical 
energy (Eldin et al., 2015; Luceño-Sánchez et al., 2019; Ranabhat et al., 2016). 
Although these materials are inexpensive and have fewer environmental effects, 
OSCs suffer from having low η and short lifespan (Bagher et al., 2015) and their 
future development is not promising (Ranabhat et al., 2016). QDSCs, on the other 
hand, use nano-semiconductor particles (quantum dots) as the absorbing materials 
(Bagher et al., 2015; Luceño-Sánchez et al., 2019). These materials have a discrete 
spectrum of quantized energy and in operation, electrons jump from valence band 
(VB) to conduction band (CB) when light is shone on. However, QDSCs face a lot of 
challenges such as the use of highly toxic materials like cadmium selenide (CdSe), 
degrade under watery and ultraviolet (UV) environments, and also controlling the 
size of the dots is difficult (Luceño-Sánchez et al., 2019). Moreover, PSCs use 
compounds of the form ABX3 as the absorbing materials, where X is either iodide 
ion (I-) or bromide ion (Br-)or chloride ion (Cl-) and A and Bare cations of different 
size (Bagher et al., 2015; Luceño-Sánchez et al., 2019; Pal & Potter, 2019; Shruti 
Sharma et al., 2015). However, PSCs are unstable under humid, oxygen (O2), hot, 
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UV, electrical stress, and mechanical fragile environments (Luceño-Sánchez et al., 
2019; Pal & Potter, 2019). Also, some perovskites contain lead (Pb) which is a toxic 
material. On the other hand, DSSCs are the most attractive solar cells because they 
are easy to make, use cost-effective raw materials, and are flexible in making the 
panels (Pandey et al., 2019). Although the η of DSSCs is lower compared to first- 
and second-generation solar cells, they have a vast potential of outperforming the 
latter in the future. 
The DSSCs are classified into metal-based dye-sensitized solar cells (MDSSCs), 
organic dye-sensitized solar cells (ODSSCs), and natural dye-sensitized solar cells 
(NDSSCs).The MDSSCs employ metal-based dye such as those from ruthenium 
(Ru) complexes. Most of these dyes have broad absorption bands up to the near-
infrared (NIR) region which makes them being good photo-sensitizers compared to 
organic and natural dyes. Currently, MDSSCs have attained laboratory-scale 
efficiency of about 14 % (Pandey et al., 2019), however, their main drawback is 
rarity, toxicity, and expensiveness (Adedokun et al., 2016).The ODSSCs use 
organic-based dyes as their photo-sensitizers and they are environmentally-friendly 
(Jiao et al., 2011). The main challenge of using these dyes is the complication and 
expensive synthesis method employed in extracting them (Kumara et al., 2017). On 
the other hand, NDSSCs use natural dyes from plant parts such as flowers, leaves, 
barks, roots, and fruits as the photo-sensitizers (Adedokun et al., 2016; Pandey et al., 
2019; Richhariya et al., 2017).These natural dyes are promising because are plenty, 
simple, use inexpensive extraction method, and environmentally-friendly (Gong et 
al., 2017). 
Though NDSSCs are promising future solar cells, still they face some challenges that 
lead to low η and stability. Among these challenges are evaporation of liquid 
electrolytes, photo-degradation of natural dyes, and poor absorbance in the NIR 
region of the solar spectrum (Mozaffari et al., 2016; Richhariya et al., 2017).Various 
attempts to overcome these challenges have been attempted, among them being 
searching new stable dyes with good absorbance, employing solid electrolytes, co-
sensitizing more than one dye, adding graphene to dye, and purifying the natural 
dyes (Richhariya etal., 2017).  
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The search for stable natural dyes over various temperatures has been done by many 
researchers. Suitable natural dyes for commercialization of NDSSCs should be stable 
on photo-degradation for at least 20 years (Kumara et al., 2017; Mozaffari et al., 
2016). However, the numerous efforts that have been done, natural dyes still face the 
photo-degradation when exposed to light. To solve the photo-degradation, expansion, 
and freezing of liquid electrolytes, endeavours in using solid and quasi-solid 
electrolytes have been made, however, they performed less compared to their counter 
liquid electrolytes. Also, most natural dyes absorb light in the visible (VIS) region 
and very rarely in the NIR region, as a result, their η is still low. On the other hand, 
the co-sensitization of compatible natural dyes has successfully broadened the 
absorbance band and increased the η. Moreover, the addition of graphene (a form of 
carbon) to inorganic dye leads to an enhancement of the η, thus the same approach to 
natural dyes may increase the η(Richhariya et al., 2017).Furthermore, purifying 
natural dyes and use the separates as photo-sensitizers is recommended by Mphande 
and Pogrebnoi (2014) by hypothesizing that presence of some components in the dye 
hinder the enhancement of the η. In the study conducted by Ramirez-Perez et al. 
(2019), some separates of natural dyes are reported to have enhanced the η compared 
to the crude natural dyes. However, studies byChien and Hsu (2013), Tadesse et al. 
(2012), Uddin et al. (2015), and Zhou et al. (2011)report that the purified natural 
dyes performed less compared to the crude ones. Thus from thesestudies, studying 
the effect and need of purifying the natural dyes has been given less importance in 
the field of NDSSCs. Therefore, scarce studies have been conducted employing 
purified natural dyes as photo-sensitizers and as a result, the effect of purified natural 
dyes on the performance of NDSSCs is still unclear. For this reason, there is still a 
need to study the effect of purified natural dyes on DSSC performance in an effort to 
enhance their η and stability.Therefore, this study aims at investigating the effect of 
purified natural dyes on the performance parameters and stability of the DSSC. 
1.3 Statement of the Problem 
The silicon solar cells (SSCs) are dominant in the market, but their production cost is 
still high. Dye-sensitized solar cells (DSSCs) are promising candidates for replacing 
the SSCs as they are cost-effective and environmentally-friendly. Moreover, DSSCs 
using inorganic dyes such as Ru-based complexes have reached the highest η ~ 14 % 
(Pandey et al., 2019), but Ru is rare, heavy metal, toxic, and expensive to synthesize. 
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Many natural dyes have been extensively studied and used as potential photo-
sensitizers of DSSCs for the past three decades now. However, DSSCs using natural 
dyes have low η and stability. Many efforts have been done in enhancing the η and 
stability. Such efforts include: co-sensitizing two or more natural dyes, searching for 
new natural dyes that absorb light in the NIR region of the solar spectrum, modifying 
the natural dyes, and purifying the natural dyes. Despite these efforts, the η and 
stability of DSSCs are still far low compared to that of SSCs. The ηand stability 
enhancement is still an on-going process; however, scarce studies using purified 
natural dyes in DSSCs have been done byChien and Hsu (2013), Hernandez-
Martinez et al. (2011), Ramirez-Perez et al. (2019), Tadesse et al.(2012), Uddin et 
al. (2015), and Zhou et al.(2011). Up to date, the effect of purified natural dyes is not 
well studied and not known as in some studies it resulted a positive impact on the 
η(Ramirez-Perez et al., 2019) and  in some studies it had a negative impact on the 
η(Chien & Hsu, 2013; Tadesse et al., 2012; Uddin et al., 2015; Zhou et al., 2011). 
Thus, there is a need to study the effect of purified natural dyes on the 
DSSCperformance. Therefore, this study aims at finding out the effect of purified 
natural dyes on the performance parameters and stability of the DSSC from ethanol 
extracts of Senna singueana (Winter cassia) leaves, Ximenia caffra (Large sour 
plum)fruits, Bougainvillea glabra bracts, and methanol extract from Senna 
singueana flowers. 
1.4 Objectives 
1.4.1 General Objective 
The main objective of this study was to investigate the effect of purified natural dyes 
on the DSSC performance. 
1.4.2 Specific Objectives 
The specific objectives of this study were to:  

(i) evaluate the absorbance of the crude and purified natural dyes,  
(ii) determine the solar cell performance parameters (short-circuit current 

density (Jsc), open-circuit voltage (Voc), fill factor (FF), and power 
conversion efficiency (η)) and stability of the fabricated NDSSCs. 
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1.5 Research Questions 
This study was guided by the following research questions: 

(i) What is the absorbance of crude and purified natural dye extracts from Senna 
singueana flowers, Senna singueana leaves, Ximenia caffra fruits, and 
Bougainvillea glabra bracts? 

(ii)  What is the effect of purified natural dyes on the DSSCperformance 
parameters and stability? 

1.6 Significance of the Study 
This study is very useful as it touches almost all circles of life operating with the use 
of energy. So, the findings of this study will: 

(i) add knowledge on the impact of purified natural dyes on the DSSC 
performance, 

(ii) be used as a base for further researches on DSSCs to overcome its 
challenges and hence reach the commercialization stage,  

(iii) contribute to finding ways of harnessing solar energy (which is 
renewable, clean, and sustainable) using inexpensive NDSSCs, and 

(iv) help in finding ways to preserve the environment from destructing fossil 
fuels. 

1.7 Chapter Summary 
Everyone needs energy. Fossil fuels are still the main global sources of energy 
including electricity. However, fossil fuels have got depletion and environmental 
destruction drawbacks. Thus, sustainable and green renewable energy sources are 
needed to solve the fossil fuel drawbacks. Among renewable energy sources, solar 
energy is the suitable alternative replacement for fossil fuels. One challenge of the 
available solar energy harvesting technologies is expensiveness, therefore NDSSCs 
seem to be promising candidates for the existing solar energy harvesting 
technologies. However, the vast possibility of NDSSCs to replace the other 
technologies, their η and stability are still low – enhancing them is of paramount 
importance. Thus, as an effort in enhancing the η and stability of NDSSCs, this study 
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aims at exploring the impact of purified natural dyes from Senna singueana flowers 
and leaves, Ximenia caffra fruits, and Bougainvillea glabra bracts on the NDSSC 
performance parameters and stability. 
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CHAPTER TWO 

LITERATURE REVIEW 
2.1 Introduction 
This chapter contains reviews of the existing literature on the DSSCs relevant to this 
study. It is divided into the following sections: solar cells, components and working 
principle of a DSSC, extraction of natural dyes, purification of natural dyes, optical 
properties of natural dyes, fabrication of DSSCs, and determination of the 
performance parameters of the DSSCs. It ends up with a summary highlighting the 
research gap. 
2.2 Solar Cells (SCs) 
A solar cell is an electronic device that converts light energy directly into electrical 
energy (Mughal et al., 2018).The generation of the electrical power in the SC is due 
to separation of positive and negative charge carriers in the absorbing material by 
electromagnetic radiation (photons) (Twidell & Weir, 2015). The separation of 
charges carriers leads to the existence of an electric field that produce the voltage 
difference useful for power application.A SC is characterized by main four basic 
performance parameters, namely short-circuit current density (Jsc), open circuit 
voltage (Voc), fill factor (FF), and power conversion efficiency (η) (Dawoud, 
2016).The Jscis the electrical current flowing through the cell per unit area when the 
voltage across the cell is zero (Dawoud, 2016). It is the maximum current density 
attained by the cell and is obtained from the J – V curve when the voltage is zero 
(Figure 2.1). On the other hand, Voc is the voltage across the cell when the current 
density is zero (Dawoud, 2016). This is the maximum available voltage across the 
cell and is obtained from the J – V curve when the current is zero (Figure 2.1). 
Moreover, theFF is the ratio of the maximum power (product of Jm and Vm) to the 
dummy power (product of Jscand Voc) (Equation 2.1) (Richhariya et al., 2017), where 
Jm and Vm are the current density and voltage at maximum power density 
respectively. The FF measures the rectangularity (squareness) of the J – V curve of 
the solar cell. Finally, the ηis the ratio of the maximum electrical power density 
output (Pm) to the power density input (Pi) from the source of light (Equation 2.2) 
(Dawoud, 2016). 



 

11  

= ×
×                                                                                                               (2.1)  

= = × ×                                                                                              (2.2)  

 
Figure 2.1: J – V and P – V Curves  of a SC(Liyanage et al., 2020) 

2.3 Components and Working Principle of a DSSC 
The DSSC is made up of five important components: (i) transparent conducting 
oxide (TCO) such as fluorine-doped tin oxide (FTO) or indium-doped tin oxide 
(ITO) glass substrate, (ii)  wide bandgap semiconductor oxide deposited on TCO 
glass substrate such as titanium dioxide (TiO2) or zinc oxide (ZnO), (iii) photo-
sensitizer adsorbed to the surface of the semiconductor film, such as chlorophyll, (iv) 
redox couple electrolyte, usually iodide/tri-iodide (I-/I3-), and (v) platinum/carbon-
coated TCO glass  
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Figure 2.2: Components of a DSSC(Kumara et al., 2017) 

substrate as shown in Figure 2.1 (Kumara et al., 2017). The conversion of light 
energy to electrical energy in the DSSC (Figure 2.3) is governed by Equations 2.3 – 
2.6. When light is shone on the working electrode (WE) of the DSSC, the dye (D) 
absorbs the light and this results in the photo-excited state of the dye (D*) (Process 1, 
Equation 2.3). Thereafter, the D* injects an electron (e-) into the conduction band 
(CB) of the semiconductor oxide (Process 2, Equation 2.4) resulting in an oxidized 
dye (D+). The injected e- then moves to the counter electrode (CE) via the external 
circuit (load) (Process 3). The D+ then gets reduced to its initial neutral state (D) by 
gaining an e- from iodide ion (I-) (Processes 4, 5, Equation 2.5). Lastly, the tri-iodide 
ion (I-3) gains an e- and gets reduced to I- ion (Equation 2.6). However, during the 
generation of the photo-current, unwanted reactions occur (Processes 6, 7, 8). These 
unwanted reactions are caused by the recombination of an injected e-with D+ or with 
I-3 ion (Equations 2.7, 2.8) or de-excitation of photo-excited dye (Equation 2.9). In 
general, the recombination reduce the performance of the DSSC (Kumara et al., 
2017). 

+ ℎ → ∗                                                                                                                         (2.3) 
∗ → +                                                                                                                       (2.4) 

2 + 3 → 2 +                                                                                                      (2.5) 
+ 2 → 3                                                                                                                  (2.6) 
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Figure 2.3: Working Principle of a DSSC(Kumara et al., 2017) 

+ →                                                                                                                        (2.7)  
+ 2 → 3                                                                                                                  (2.8) 

∗ →                                                                                                                                   (2.9)  
2.4 Extraction of Natural Dyes 
The natural dyes used as photo-sensitizers in DSSCs are usually extracted from plant 
parts such as flowers, leaves, fruits, seeds, barks, and roots (Pandey et al., 2019). 
However, not all plant parts are suitable for dye extraction. The suitable dyes for 
DSSC application should fulfill the following features: (i) having broad VIS region 
light absorption (NUV, VIS, and NIR), (ii) having attaching groups (such as 
carbonyls and hydroxyls) in order to be capable of anchoring well to the 
semiconductor oxide, (iii) the lowest unoccupied molecular orbital (LUMO) should 
be higher than the CB band of the semiconductor oxide for easy electron injection, 
(iv) the highest occupied molecular orbital (HOMO) should be lower than the redox 
potential of the electrolyte for proper reduction, (v) having excellent chemical and 
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thermal stability, and (vi) cost-effective and environmentally-friendly (Dawoud, 
2016; Eldin et al., 2015; Pal & Potter, 2019; Pandey et al., 2019).  
The commonly researched natural dye pigments extracted from plant parts for about 
the past three decades are chlorophylls, carotenoids, betalains, and flavonoids 
(Pandey et al., 2019). The interaction of sunlight with natural pigment electronic 
structure results in the change of wavelengths reflected or transmitted by the plant 
tissue (Shalini et al., 2015). However, the human eye without colour blindness is 
capable of detecting plant part colours between 430 nm – 680 nm of the reflected 
light from the plant part (Narayan, 2011). For this reason, the selection of a particular 
plant part for natural dye extraction is the colour perceived by the viewer. Trial-and-
error method depending on the colour of the plant part has been used for selecting 
natural dye samples from various plant species for DSSC application. In this study, 
the yellowish and greenish colour of Senna singueana flowers and leaves 
respectively during the dry season, orange colour of the Ximenia caffra fruits during 
the dry season, and the purple-reddish colour of the Bougainvillea glabra bracts 
throughout the year were used for their selection. 
To extract the natural dye pigments from the plant parts, most of the plant parts are 
usually washed with water to remove impurities, and dried either under room 
temperature or using an oven or a furnace or any source of heat for certain duration 
of time. Rosana et al. (2015) washed Techoma stans flower petals with water and 
dried them by heating in an oven. Similarly, Maurya et al. (2016) cleaned Luffa 
cylindrica flower petals with deionized water and dried at 60°C in a vacuum. On the 
other hand, Lejamo et al. (2017) dried the cleaned Ocimum lamiifolius and 
Dambursa plant leaves at room temperature for 25 days. Moreover, Abdel-latif et al. 
(2015) washed the Lycium shawii, Olive, and Zizyphus flowers, leaves, barks, and 
roots with distilled water and dried under room temperature for one week. 
Furthermore, Hossain et al. (2017) dried cut small pieces of Verdant-turmeric roots 
at room temperature in darkness and the roots of the same plant in sunlight. Thus, 
washing the samples is very important for removing the impurities.  
The dried plant parts are then milled into small pieces using a blender or mortar and 
pestle, and a certain mass is dissolved in a particular volume of the extracting solvent 
for a particular duration of time. Rossi et al. (2017) extracted chlorophyll pigment by 
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crushing spinach leaves in liquid nitrogen using a mortar and pestle and immersed 
1.5 g of the powder in 10 ml of sodium hydroxide-methanol mixture. The mixture 
was then stirred at 5 °C for 90 minutes. Stirring the mixture of the natural dye sample 
and the solvent helps the solvent to extract as much the natural dye as possible. 
Maiaugree et al. (2015) on the other hand, extracted natural dye from Mangosteen 
peels by dissolving 10 g of the powder in 100 ml of acetone, and the mixture was 
stirred for 12 hours. Also, Maurya et al. (2016) extracted natural dyes by immersing 
1 g of Luffa cylindrica flower petal powder in 50 ml of ethanol for 24 hours. 
Moreover, natural dyes were extracted by Wongcharee et al. (2007) by dissolving 1 g 
of fresh Rosella and Blue pea flowers in 100 ml of each of the water and ethanol 
solvents. The water extracts were extracted at various temperatures of 25, 50, 75, and 
100 °C for 30 minutes. Furthermore, Ammar et al. (2019) extracted natural dyes 
from onion peels and red cabbage by dissolving 6 g of onion peels in 250 ml of 
distilled water, and 147 g of chopped red cabbage in 400 ml of distilled water. Both 
mixtures were heated up to 90 °C for 24 hours and then cooled to room temperature. 
Eli et al. (2016) extracted natural dyes from Hibiscus sabdariffa flowersby 
dissolving 5 g of dried unground flowers in 50 ml of water at 100 °C for 30 minutes. 
Similarly,  Hossain et al. (2017) immersed 5 g of each of dry turmeric and powder 
turmeric in 100 ml of methanol, ethanol, acetone, distilled water, and hot distilled 
water separately for 12 hours. It can be seen clearly from the visited studies that, the 
ratio of the dye sample (mass) to extracting solvent (volume) varied from study to 
study and from dye sample to dye sample. 
After macerating the natural dye sample in cold or hot solvent for a given time, the 
dye solution is then obtained by filtration using filter papers or pieces of cloths. Rossi 
et al. (2017) obtained a methanol-sodium hydroxide chlorophyll dye solution by 
filtering the 15 minute centrifuged mixture and then kept at -20 °C in dim light 
covered with aluminium foil papers. Maiaugree et al. (2015) filtered the mixture of 
Mangosteen peel powder dissolved in acetone using filter papers (Whatman paper 
no. 41), concentrated, covered, and refrigerated at 5°C. Similarly, Phinjaturus et al. 
(2016) stored the filtrates of purple corn husk, cob, and silk extracted in ethanol, 
deionized water, and acetone at 5 °C in brown bottles to protect the dyes from photo-
degradation. Since the light does affect the natural dyes, amber or brown or black 
containers are used in storing them. Also, the performance of natural dyes in DSSCs 
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is affected by a lot of factors such as pH, maceration time, concentration, 
temperature of the extraction solvent, purification, and solvent type (Chien & Hsu, 
2013; Uddin et al., 2015). 
Thus, natural dye pigments are extracted from various plant parts. The plant parts are 
first cleaned by washing with water to remove impurities, dried, crushed into 
powder, and then dissolved in solvents for given times ranging from few minutes to 
several hours. In some extractions, the extraction solvent is heated at particular 
temperatures, stirred and centrifuged. Filtration is done to obtain natural dye pigment 
solutions usually using filter papers. The obtained filtrates after maceration in the 
solvents are kept in amber or brown containers wrapped with aluminum foil papers 
and stored in dim light environments at temperatures below 5 °C. These storage 
conditions are meant to protect the natural dyes from photo-degradation that lowers 
the DSSCperformance. 
2.5 Purification of Natural Dyes 
Natural dyes are complex organic compounds containing mixtures of different 
pigments. These natural dyes in DSSCs are used to convert light energy into 
electrical energy. Unlike the conventional solar cells (SSCs), in DSSCs the functions 
of light absorption and electron transport are separated. For this reason, Gratzel 
(2001, 2009) points out that, this separation of functions leads to a low need for 
purifying the natural dyes. Thus, most of the previous studies on NDSSCs used the 
extracted natural dyes without purification (crude dyes). Since the η and stability of 
the NDSSCs using crude natural dyes are still low for commercialization scale, 
Mphande (2014) suggests carrying out separation (purification) of natural dyes and 
use the separated parts as photo-sensitizers for DSSC application. The researcher 
assumed that the presence of other constituents in the natural dyes hinders the higher 
performance of NDSSCs. Despite the reason that the purification of natural dyes in 
DSSCs has low performance, few studies conducted purification of crude natural 
dyes that yielded good η compared to crude ones. Zhou et al. (2011) purified the 
ethanol Mangosteen pericarp extract by liquid-liquid extraction (LLE) method to find 
out why Mangosteen pericarp dye had the highest η ~ 1.17 % compared to the other 
19 natural dyes used in the study. Five solvents (petroleum ether, chloroform, ethyl 
acetate, n-butanol, and water) were used to partially purify the aqueous 
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Mangosteensolutions into five separated portions. Among the five separates, 
petroleum ether part was colourless and the other separates were coloured. The η of 
the separates were 0.92 %, 1.12 %, 0.33 %, and 0.30 % for chloroform, ethyl acetate, 
n-butanol and water parts respectively. The study found that the performance 
parameters of the separated parts were less compared to the parameters of the crude 
dye, though ethyl acetate separate outperformed the other separates. 
On the other hand, Hernandez-Martinez et al. (2011) purified the acid-water red 
Bougainvillea glabra flower extract using Amberlited packed column using 
ammonium acetate in 1 M acid water as the eluting solvent. In their study, the 
purified dye attained a negligible higher η of about 0.49 % compared to that of the 
crude dye of about 0.48 %. Also, Tadesse et al. (2012) purified the ethanol Syzygium 
guineense fruit extract and attained a η of 0.51 % that outperformed the methanol and 
water extracts. The LLE method with chloroform, ethyl acetate, and n-butanol 
solvents was used to purify the aqueous solutions and it was found that the 
chloroform part was colourless while the other three parts were colored. The η of the 
purified dyes used in fabricating the NDSSCs was 0.16 %, 0.06 %, and 0.22 % for 
ethyl acetate, n-butanol, and aqueous parts respectively. Even though the aqueous 
part attained a higher η compared to the other parts, the η of purified dyes was less 
compared to that of the crude dye (0.51 %). 
Moreover, the impact of purified natural dyes on the performance parameters of  
NDSSCs was carried out by Chien and Hsu (2013). Octadecyl extraction columns 
were used to purify the aqueous anthocyanin dye from red cabbage and it was found 
that the η of purified dye (0.442 %) was worse compared to the crude dye (1.098 %). 
Likewise,  Uddin et al. (2015) compared the performance of crude and purified red 
amaranth dyes. The acetone red amaranth dye was separated into green, red, and 
yellow parts using thin-layer chromatography (TLC) and column chromatography 
(CC) methods. The study found that the η of crude dye was higher than the purified 
separates as the η of the crude dye was 0.22 % whereas for the green, red, and yellow 
separates were 0.07 %, 0.09 %, and 0.09 % respectively. It was argued that there 
were unknown components in the crude dye that enabled the dye to have a good LHE 
and η.  
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Furthermore, Ramirez-Perez et al. (2019) carried out purification of ethanol extracts 
from  Vaccinium floribundum fruit (η ~ 0.175 %)  and Hibiscus sabdarrifa flower (η 
~ 0.109 %) using LLE method. The aqueous solutions were purified using petroleum 
ether, chloroform, ethyl acetate, and n-butanol solvents and it was found that among 
the five separates for both aqueous solutions, petroleum ether was the only colorless 
separate. The η of the chloroform, ethyl acetate, n-butanol, and water separates for 
Vaccinium floribundum fruit were 0.177 %, 0.332 %, 0.096 %, and 0.084 % and for 
Hibiscus sabdarrifa flower were 0.100 %, 0.217 %, 0.077 %, and 0.010 % 
respectively. It was observed that, the ethyl acetate separates and chloroform separate 
of Vaccinium floribundum outperformed the crude dyes, thus purification enhanced 
the η of the NDSSCs. 
Therefore, it can be observed that the impact of purifying natural dyes on the 
DSSCperformance is still unclear as to whether purifying natural dyes will result in 
positive (increase), none or negative (decrease) effect on the performance of 
NDSSCs. Various purification methods such as TLC, CC, and LLE have been 
employed to purify natural dyes. However, LLE technique is simple to administer. 
Trial-and-error method has been used for the selection of extraction solvents 
(Mphande, 2014). In this way, non-polar solvents such as petroleum ether, 
chloroform, ethyl acetate, and n-butanol have been used successfully in LLE 
technique to separate natural dyes (Ramirez-Perez etal., 2019; Tadesse et al., 2012; 
Zhou et al., 2011). Thus, there was a need to carry out this study in order to get a 
good understanding regarding purification on natural dyes for DSSC application. 
2.6 Optical Properties of Natural Dyes 
Chlorophyll and carotenoid pigments that make food for plants from water (H2O) 
and carbon dioxide (CO2), sunlight energy is used to trigger the chemical reaction to 
produce sugar (glucose) and oxygen gas (O2) (Equation 2.10). Similarly, DSSCs use 
dyes to convert light energy into electrical energy by mimicking the green plant 
photosynthetic process. Most natural dye pigments such as chlorophyll, betalain, 
carotenoid, and flavonoid absorb the VIS region of the electromagnetic spectrum. 
Since DSSCs employ wide bandgap semiconductor oxides in their WEs such as TiO2 
(Eg ~ 3.24 eV) and ZnO (Eg ~ 3.30 eV), particular wavelengths of the solar spectrum 
are absorbed by these semiconductor oxides. From Equation 2.11, TiO2 absorbs 
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wavelengths below 382.72 nm while ZnO absorbs wavelengths below 375.76 nm. 
Thus, natural dyes that absorb wavelengths greater than 383 nm (for TiO2) and 376 
nm (for ZnO) become potential photo-sensitizers for the DSSC application. Another 
aspect to consider in determining the potentiality of the natural dye is the light-
harvesting efficiency (LHE) that shows the light-absorbing ability (Equation 2.12). 
From Equation 2.12, ( ) is the absorbance (optical density) of the natural dye at a 
particular wavelength, λ. The absorbance of a substance refers to the ratio of light 
absorbed to incident light. For proper absorption in DSSC, Mphande (2014) selected 
arbitrarily minimum absorbance of 1 a.u. and wavelength of 400 nm. To determine 
the LHE and Eg of the natural dyes, spectroscopic studies of natural dyes are carried 
out using UV-VIS spectrophotometers usually in the range of 300 nm – 800 nm. 

2 +  
ℎ  + +                                                              (2.10) 

( ) = 1240
( ) (2.11)  

= 1 − 10 ( )(2.12)  
Jonathan et al. (2016) studied the optical characterization of natural dye extracts 
from Mangifera indica, Carica papaya, Moringa oleifera leaves and Bougainvillea 
flower using Ava-spec-2048 spectrophotometer in the wavelength range of 350 nm – 
1000 nm. The absorption spectra of the natural dyes revealed that Mangifera indica, 
Carica papaya, Moringa oleifera, and Bougainvillea had absorption peaks at 360 
nm, 360 nm, 400 nm, and 370 nm respectively. On the other hand, Al-alwani, et al. 
(2017) used Perkin Elmer, Lambda 35 UV-VIS spectrophotometer to characterize the 
natural dye extracted from Pandannus amrylifolius leaves in the wavelength range 
400 nm – 800 nm. The absorption peak was found to be at 660 nm which 
corresponds to the presence of chlorophyll pigments. 
Adedokun et al. (2018) reported the characterization of the extracts of peels from 
Carica papaya, Citrus lanatus, Persea americana, and Solanum melongena using 
UV-VIS-NIR spectrometer (Shimadzu UV – 3600) in the wavelength range of 400 
nm – 800 nm. The natural dye extracts from these peels had similar absorption peaks 
and two major absorbance peaks were respectively at 411 nm, 666 nm; 410 nm, 666 
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nm; 411 nm, 665 nm, and 411 nm, 666 nm for Carica papaya, Citrus lanatus, Persea 
americana, and Solanum melongena. Also, Mphande and  Pogrebnoi (2014) used 
UV-VIS spectrophotometer (SQ 2800 single-beam spectrophotometer, UNICO – 
USA) to study the optical properties of the natural dyes extracted from Spathodea 
campanulata, Thevetia peruviana, Hibiscus sabdariffa, Delonix regia flowers, and 
Acalypha wilkesiana leaves in the wavelength range of 300 nm – 700 nm.  
Lejamo et al. (2017) used UV-VIS spectroscopy (UV-330) to measure the optical 
properties of the natural dyes extracted from the leaves of Damakase and Dambursa 
plants. The methanol extract of Damakase plant leaf showed absorption peaks at 418 
nm, 644 nm, and 725 nm while the ethanol extract of Damakase leaf showed 
absorption peaks at 432 nm, 421 nm, and 417 nm. For the Dambursa leaf, methanol 
extract had absorption peaks at 418 nm and 644 nm whereas for ethanol extract of 
the same leaf had absorption peaks at 413 nm, 421 nm, 434 nm, and 644 nm. 
Kumar et al. (2016) characterized the natural dyes extracted from Cactus fruit, 
Jambolana fruit, Curcumin, and Bermuda grass with UV-VIS spectrometer (Analytik 
Jena-Specord 210 Plus). The study found that Bermuda grass had two absorption 
peaks between 380 nm – 500 nm and 660 nm (corresponds to the presence of 
chlorophyll pigments), Jambolana and Cactus had the same absorption peak between 
450 nm – 650 nm (corresponds to the presence of anthocyanins and betacyanins 
pigments) and Curcumin showed an absorption peak between 330 nm – 490 nm. 
Rosana et al. (2015) carried out a characterization of ethanol extract of Techoma 
stans flower and it was found that the natural dye had absorption peaks between 300 
nm – 500 nm (corresponds to the presence of β-carotenes). 
Pamain et al. (2014) studied the characterization of the natural dyes extracted from 
Java plum, Red cabbage, Hibiscus rosa-sinensis flower and Begonia rex leaves with 
the help of UV-VIS spectrophotometer (Hitachi U – 2000). The following absorption 
peaks were observed: 530 nm (Java plum), 385 nm and 650 nm (Begonia rex), 540 
nm (Red Cabbage) and 380 nm and 510 nm (Hibiscus rosa-sinensis). Similarly, 
Pratiwi et al. (2017) studied the optical properties characterization of chlorophyll 
(from Moss plant) and anthocyanin (from Mangosteen peel) with UV-VIS 
Spectrophotometer Lambda 25. It was found that chlorophyll had absorption peaks 
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between 400 nm – 490 nm and between 630 nm – 700 nm, anthocyanin between 400 
nm – 480 nm, and their cocktail (volume ratio 1:1) at 430 nm and 500 nm. 
Uddin et al. (2015) carried out the spectroscopy analysis of red amaranth dyes 
(extracted from water at room temperature, boiled water, ethanol, methanol, and 
acetone). The study found that the water extracts attained absorption peaks at around 
520 nm and 680 nm and ethanol, methanol, and acetone extracts had absorption 
peaks around at 430 nm and 665 nm. 
UV-VIS spectroscopic studies of natural dyes are used to determine their optical 
characterization in the VIS region (400 nm – 700 nm) of the solar spectrum. The 
absorbance (A) and the wavelength (λ) from the absorption spectra peaks of natural 
dyes are used to estimate the LHE and Eg respectively. Suitable natural photo-
sensitizers for DSSC application are those with high LHE and low Eg. 
2.7 Fabrication of DSSCs 
The DSSCs have been fabricated using different materials and different methods in 
the preparation of their components since their birth in 1991. The general fabrication 
procedure is to prepare the working electrode (WE), counter electrode (CE), and 
electrolyte separately. Then, the WE and CE are put together, followed by the 
injection of the electrolyte between them. 
2.7.1 Preparation of Working Electrodes (WEs) 
The WEof the DSSC is made up of TCO, wide bandgap semiconductor oxide, and 
photo-sensitizer (Figure 2.2). A suitable TCOfor DSSC application should have low 
sheet resistance independent of temperature up to 500 °C and high transparency of at 
least 80 % (Hara & Arakawa, 2003; K. Sharma et al., 2018). ITO and FTO glass 
substrates are the common TCOs for WEs, however FTO is more preferred to ITO as 
its sheet resistance remains constant at sintering temperatures (450 °C – 500 °C) 
(Hara & Arakawa, 2003; Richhariya et al., 2017). To prepare a WE, a thin layer of 
semiconductor oxide such as titanium dioxide (TiO2),zinc oxide (ZnO), niobium 
pentoxide (Nb2O5), tin oxide (SnO2), nickel oxide (NiO), indium oxide (In2O3), 
strontium titanate (SrTiO3), zinc stannate (Zn2SnO4), and tungsten trioxide (WO3) is 
deposited on the conductive side of the TCO using several methods (Hara & 
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Arakawa, 2003; Pandey et al., 2019; K. Sharma et al., 2018). Among the 
semiconductor oxides, TiO2 is the most preferred semiconductor oxide because it is 
non-toxic, less expensive, easily available, good chemical stability, and compatible 
with electronic and optical properties of photo-sensitizers (Hara & Arakawa, 2003; 
Pandey et al., 2019; K. Sharma et al., 2018). After depositing the thin layer of the 
semiconductor oxide on the conductive side of the TCO, a deposition of photo-
sensitizer dye on the semiconductor thin layer then follows. 
Dayang et al. (2018) prepared a WE of a NDSSC using ITO glass substrates, TiO2 as 
the semiconductor and Roselle dye. The TiO2 paste (made by mixing 5 g of TiO2 and 
3 drops of Triton X-100) was deposited on the ITO glass by Doctor Blade method 
forming an effective area of 2 cm2. The ITO glass coated with TiO2 film was sintered 
at 450 °C for 30 minutes, cooled for 15 minutes, and finally soaked into Roselle dye 
for 24 hours. Buranarek et al. (2017) made two WEs for ripe and unripe Mangosteen 
pericarp dyes by first cleaning the FTO glass substrate in an ultrasonic bath using a 
detergent solution for 10 minutes, rinsed with water and acetone and then dried. The 
TiO2 coated FTO glasses were annealed at 450 °C for 60 minutes and then were 
immersed into their respective dyes for 24 hours. Maiaugree et al.(2015) used an 
FTO slide with sheet resistance of 8 Ω/sq. to prepare the WE. The FTO slide was 
first treated with titanium chloride (TiCl4) at 70 °C for half an hour, followed with 
the deposition of TiO2 thin film was done by screen printing method to make an 
effective area of 0.25 cm2. Finally, the FTO coated with TiO2 layer was heated at a 
temperature of 500 °C for 60 minutes and after that immersed in the particular dye 
for 1 day at room temperature. Ramamoorthy et al. (2016) made a WE by cleaning 
the FTO glass substrate in a detergent solution in an ultrasonic bath for 15 minutes, 
followed with a rinse of ethanol and distilled water and left to dried in the air. The 
TiO2 was prepared by mixing 0.2 g TiO2, 0.4 ml, 0.1M nitric acid solution and 0.08 g 
polyethylene glycol. Then, the prepared TiO2 paste was deposited on the conductive 
side of the FTO slide by Doctor Blade method and then annealed at a temperature of 
450 °C for half an hour. 
Therefore, it is observed that in the preparation of WEs; FTO, TiO2, and Doctor 
Blade method are the preferred TCO, semiconductor oxide, and semiconductor oxide 
thin layer deposition technique. Also, the annealing temperature for the 
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semiconductor oxide thin layer to attach well to the TCO ranges from 350 °C to 500 
°C and the photo-sensitizer is deposited on the semiconductor oxide thin layer by 
maceration method for duration of about 24 hours. The prepared WE should have: (i) 
large surface area, (ii) a capability of facilitating fast electron transfer, (iii) high 
photo-sensitizer pickup capability, (iv) high photo-corrosion resistance, (v) an ability 
to absorb sunlight, and (vi) optimum interface contact with photo-sensitizer 
molecules and conductive layer of the TCO (Pandey et al., 2019). 
2.7.2 Preparation of Counter Electrodes (CEs) 
The CE of the DSSC is made from the same TCO as for the WE and a catalyst 
(Figure 2.2). The common catalysts used in preparing CEs are platinum (Pt) and 
carbon (C). Although Pt is a good material for catalysis in CEs, it is an expensive and 
rare metal – hence C that is inexpensive and abundant is used instead (Ganta et al., 
2019). Usually the catalystic material is coated on the conductive side of the glass 
substrates (FTO or ITO). The main functions of the CE of the DSSC are to catalyze 
the oxidized iodide ions – a point where oxidized ions gain electrons from the 
external circuit, and complete the electric circuit (Kumara et al., 2017; Sharma et al., 
2017). A good CE should be a good conductor, have a low resistance to charge 
transfer, and good electron donor for the reduction of the oxidized ions (Kumara et 
al., 2017). 
Ramamoorthy et al. (2016) prepared a CE by coating Pt precursor paste on FTO 
glass substrate employing Doctor Blade Method and sintered the Pt-coated FTO 
glass at a temperature of 450 °C for 30 minutes. Likewise, Maurya et al. (2016) made 
a Pt-coated FTO CE, and annealing was done at a temperature of 400 °C for 30 
minutes in the air. On the other hand, Phinjaturus et al. (2016) prepared a Pt-coated 
FTO CE by a spin coating method and sintered it at a temperature of 500 °C for 60 
minutes. Moreover, Cherian et al. (2017), and Patunrengi et al. (2019) coated FTO 
and ITO with graphite and carbon respectively to make CEs. Furthermore, Pamain et 
al. (2014) in their study, they used a soft pencil (carbon) to coat FTO glass substrates 
to make the CE of NDSSCs. And, Hossain et al. (2017), Imoleayo and Garba (2019), 
and Kabir et al. (2019) prepared CEs by coating ITO, FTO, and FTO respectively 
with candle flame soot (carbon) for some minutes. While Maiaugree et al. (2015), in 
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a different approach used natural Mangosteen carbonized FTO CE and it was found 
suitable for DSSC application. 
2.7.3 Preparation of Electrolytes 
The main function of the electrolyte in DSSC is to reduce the oxidized dye. A good 
electrolyte should have: less viscosity, low vapour pressure, high boiling point, good 
dielectric properties, good transparency to VIS light, no corrosion to the CE, and no 
degradation effect to the dye molecules (Kumara et al., 2017; Richhariya et al., 
2017). Three kinds of electrolytes (i.e. liquid, quasi-solid, and solid) have been 
employed in DSSCapplication and among them, the liquid electrolytes are the best. 
The common liquid electrolytes used in DSSCs contain iodide (I-) and tri-iodide (I-3) 
ions and is usually formed by a mixture of iodide of lithium (Li) or sodium (Na) or 
potassium (K), iodine (I2)and a solvent (such as acetonitrile, ethylene glycol, and 
polyethylene glycol). 
From the existing literature, I-/I-3-electrolytes have been prepared in various ways. 
Saif (2014) prepared I-/I-3 electrolyte by mixing 2.5 g (0.1M I2) and 1.6 g (0.1M KI) 
in 100 ml of water and Qazi (2016) prepared the same electrolyte by dissolving 0.064 
g (0.05M I2) and 0.83 g (0.5M KI) in 10 ml of ethylene glycol. Also, Ganta et al. 
(2019) made an electrolyte from a mixture of KI(0.5M), I2 (0.5M), water, and 
ethylene glycol; Uddin et al. (2015) prepared I-/I-3 electrolyte by mixing 8.3 g (0.5M 
KI) and 1.27 g (0.05M I2) in ethylene glycol to make 100 ml of electrolyte solution; 
Cherian et al. (2017) prepared I-/I-3 electrolyte by dissolving 0.127 g I2 and 0.83 g KI 
in 10 ml of ethylene glycol; on the other hand, Wongcharee et al. (2007) prepared an 
iodine electrolyte by dissolving 0.5M KI mixed with 0.05M I2 in acetonitrile; 
Hossain et al. (2017) prepared the iodine electrode by mixing 0.127 g (0.05M) iodine 
and 0.83 g (0.5M) potassium iodide in 10 ml of ethylene glycol; and Chien and Hsu 
(2013) mixed 0.05M I2, 0.5M LiI and 0.5M 4-tert-butylpreidine in 3-
methoxypropionitrile to form the electrolyte for DSSC application. 
The prepared I-/I-3 electrolytes are kept in amber or dark bottles in a dark place to 
avoid light that affects the electrolytes (Hossain et al., 2017; Qazi, 2016; Uddin et 
al., 2015).  
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2.7.4 Assembling of DSSCs 
After the preparation of WE, CE, and electrolyte, the WE and CE are put in contact 
and held together by binder clips or adhesive tapes. Then, the injection of the 
electrolyte between the held together glass substrates follows, and at this point, the 
DSSC is ready for electrical properties determination. 
2.8 Determination of DSSC Performance Parameters 
The performance of any solar cell is mainly determined by the four parameters; 
namely open-circuit voltage (Voc), short circuit current density (Jsc), fill factor (FF), 
and power conversion efficiency (η) (Kumara et al., 2017; Ludin et al., 2014). To 
determine these performance parameters, J – V and P – V curves (Figure 2.1) of the 
particular cell are plotted by employing different methods, and then the performance 
parameters are obtained from the J – V curve intercepts and Equations 2.1, 2.2. 

Lejamo et al. (2017) in their study, obtained different values of I and V from the 
fabricated NDSSCs by varying the resistance and the values of I and V were used to 
plot J – V curves which enabled them to calculate the cell performance parameters. 
Similarly, Pamain et al. (2014) obtained data values of I and V for the fabricated 
NDSSCs by changing the resistance of the circuit (Figure 3.13) from high to 
minimum and recording their corresponding values of I and V which were used to 
plot the J – V curves. Additionally, the same approach was used by Hossain et al. 
(2017) to determine the performance parameters.  

In this study, a simple circuit (Figure 3.12) consisting of variable resistance, 
ammeter, voltmeter, connecting wires, and DSSC adopted from Hossain et al. 
(2017), Lejamo et al.(2017), and Pamain et al.(2014)was used to determine the 
performance parameters. 

2.9 Chapter Summary  
From the literature reviewed in this chapter, it has been observed that: maceration in 
cold ethanol is the common extraction method of natural dyes as ethanol does well 
compared to other extraction solvents. The LLE, TLC, and CC methods have been 
employed in purifying natural dyes. The absorption wavelength range used by most 
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studies is 300 nm – 800 nm. On the other hand, ITO and FTO glass substrates were 
used in making the electrodes. TiO2 was the most used semiconductor oxide as 
compared to ZnO and carbon was widely used as a catalyst in CEs. Doctor Blade 
method was the preferred method in depositing the semiconductor layer of WEs. 
Finally, the   I-/I-3 electrolytes commonly made from KIand I2 was employed as the 
redox couple electrolyte for the DSSCs. Thus, the need for doing this research is 
strongly recommended in order to increase the η and stability of NDSSCs until they 
reach the commercialization scale. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

3.1 Introduction 
This chapter presents the techniques on 
of natural dyes; preparation of working electrodes, counter electrodes, and redox 
couple electrolyte; assembling of DSSCs, and determination of performance 
parameters of the DSSC. Materials and instruments use
are also described. 
3.2 Extraction of Natural Dyes
The natural dyes used in this study were extracted from the 
flowers,Senna singueana 
bracts as shown in Fi
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CHAPTER THREE 
METHODOLOGY 

This chapter presents the techniques on extraction, purification, and characterization 
of natural dyes; preparation of working electrodes, counter electrodes, and redox 
couple electrolyte; assembling of DSSCs, and determination of performance 
parameters of the DSSC. Materials and instruments used in fabricating the NDSSCs 

3.2 Extraction of Natural Dyes 
The natural dyes used in this study were extracted from the 

Senna singueana leaves, Ximenia caffra fruits, and Bougainvillea glabra 
as shown in Figure 3.1. 

Senna Singueana Flowers (b) Senna Singueana 
ruits (d) Bougainvillea Glabra Bracts 

(b) 

(d) 

extraction, purification, and characterization 
of natural dyes; preparation of working electrodes, counter electrodes, and redox 
couple electrolyte; assembling of DSSCs, and determination of performance 

d in fabricating the NDSSCs 

The natural dyes used in this study were extracted from the Senna singueana 
Bougainvillea glabra 
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Fresh flowers, leaves, and fruits of the mentioned plantswere collected from the areas 
around the University of Dodoma and were washed with distilled water to remove 
the impurities. The leaves and flowers of Senna singueana and bracts of 
Bougainvillea glabra were dried under room temperature for one week, and after 
that, they were milled into powder with the help of a laboratory blender (Waring 
Products, Blender HGB550-USA) (Figure 3.2a, b) and the fruits of Ximenia caffra 
after having been washed with distilled water were left in the air for some minutes to 
dry out the water and then, they were crushed with a pestle in a mortar (Figure 3.2c).  

 
Figure 3.2: Crushed Natural Dye Samples 

(a) (b) 

(c) 
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Figure 3.3: (a) Soaked Crushed Ximenia Caffra Fruits (b) Filtration for Natural Dyes 

(c) Storage of Prepared Natural Dye Filtrates 
To extract the natural dyes, a mass to volume ratio of 1:5 was used (Senna singueana 
leaves and Ximenia caffra fruits), and where the ratio was unsuitable (Senna 
singueana flowers and Bougainvillea glabra bracts), solvent volume was added until 
a suitable mixture was obtained. Therefore; 100 g of Senna singueana leaves powder 
was soaked into   500 ml of ethanol, 3.21 g of Senna singueana flowers powder was 
immersed into 200 ml of methanol, 104 g of crushed Ximenia caffra fruits was 
immersed into 500 ml of ethanol (Figure 3.3a), and 40 g of Bougainvillea glabra 
bracts powder was immersed into 600 ml of ethanol. All sample mixtures were put in 
beakers wrapped with aluminum foil papers to avoid photo-degradation and kept in 

(a) (b) 

(c) 
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darkness for 24 hours. Thereafter, crude solutions of all the samples were obtained 
by filtering with filter papers (Whatman no. 1) (Figure 3.3b) to remove the solid 
residues. The filtrates were then stored in a refrigerator at a temperature not 
exceeding 5 °C (Maiaugree et al., 2015; Phinjaturus et al., 2016; Rossi et al., 2017) 
in amber bottles wrapped with aluminum foil papers to avoid light which degrades 
the natural dye pigments present in the solutions (Figure 3.3c) (Hossain et al., 2017; 
Phinjaturus et al., 2016; Rossi et al., 2017). After all these procedures, the prepared 
natural dye solutions were ready for the fabrication of NDSSCs. 
3.3 Purification of Extracted Natural Dyes 
3.3.1 Solvent Evaporation and Water Maceration of Natural Dye Solids 
The solvents used to extract the natural dyes (i.e. ethanol and methanol) were first 
evaporated under reduced pressure in a rotary evaporator (Rotating Evaporator RE – 
2000A, Shanghai China) at a temperature of 35 °C (Ramirez-Perez et al., 2019) and 
speed of 100 rpm (Figure 3.4). Evaporation under reduced pressure and low 
temperature were performed to remove the extracting solvents without denaturing the 
dye pigments. 150 ml of Senna singueana leaf ethanol (SLE) solution was 
evaporated for 2 hours and 3.75 g of dye slurry was left. The slurry was then 
dissolved in 270 ml of distilled water for 24 hours and then filtrated to obtain an 
aqueous solution. For the Ximenia caffra fruit ethanol (XFE) solution, 300 ml of the 
natural dye solution was evaporated for about 4 hours and slurry solids were seen. 
The obtained 14 g of XFE slurry solids left were immersed into 100 ml of distilled 
water for 24 hours, and an aqueous solution of the dye was obtained by filtration. On 
the other hand, 250 ml of Bougainvillea glabra bract ethanol (BBE) solution was 
evaporated to remove ethanol for 4 hours. The slurry obtained (10 g) was mixed with 
100 ml of distilled water and kept for 24 hours in a dark place then followed by 
filtration. Lastly, 100 ml of Senna singueana flower methanol (SLM) solution was 
evaporated to remove methanol for about 1 hour. Thereafter 0.38 g of the obtained 
solids was dissolved in 60 ml of distilled water for 24 hours to obtain the aqueous 
solution that is suitable for the liquid-liquid extraction (LLE) method.  
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Figure 3.4: Rotary Evaporator(Rotating evaporator RE-2000A) 

3.3.2 Liquid-Liquid Extraction (LLE) Method 
The ethanol and methanol-extracted natural dyes were separated into five parts using 
the LLE technique. The purification of crude natural dyes by LLE method employs 
the difference in the solubility of a solute in two immiscible solvents, one polar 
solvent (usually water) and the other nonpolar solvent such as organic solvents (for 
instance petroleum ether, chloroform, ethyl acetate, and n-butanol) in a separating 
funnel (Figure 3.5). In the purification process, the ratio employed was 2:1 for 
natural dye solution to purifying solvent as adopted from Kabir et al. (2019). In this 
study, the purifying solvents used to separate the aqueous natural dye solutions were: 
petroleum ether (part 1), chloroform (part 2), ethyl acetate (part 3), and n-butanol 
(part 4). The remained portion after employing the four mentioned purifying solvents 
was an aqueous natural dye solution (part 5). Figure 3.6 summarizes the extraction 
and purification procedures for natural dye solutions. 
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Figure 3.5: Separation of Mixtures by LLE Method                                                   

(a) Petroleum Ether + Sample SLB, (b) BBB Sample + Chloroform, (c) 
Ethyl Acetate + Sample BBB, (d) n-Butanol + Sample BBB 

 

(a) (b) (c) (d) 



 

 

Figure 3.6: Purification of  Natural Dyes 
Zhou et al
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: Purification of  Natural Dyes Flow Chart(Ramirez-Perez 
et al., 2011) 

 
Perez et al., 2019; 
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3.4 Optical Properties of Extracted Natural Dyes 
The optical properties of crude and purified natural dyes were studied by using the 
UV-VIS spectrophotometer (Rayleigh VIS 723G, China). About 3 ml of each natural 
dye solution and its corresponding reference (blank) solution (two-third cuvette) 
were used to obtain the optical properties of the particular natural dye. All-natural 
dye samples were scanned in the wavelength range of 320 nm – 800 nm so as to 
incorporate the VIS spectrum (400 nm – 700 nm). To obtain good looking spectra 
(absorbance against wavelength curves) for some natural dyes that showed bad 
spectra, dilution was employed (Pamain et al., 2014). A dilution factor of 2 – 16 was 
necessary for some natural dye solutions and the dilution factor used was SLE (16), 
SLA (16), BBE (8), BBB (8), BB5 (16), BB1 (8), SL3 (4), and SL4 (2). The 
absorbance (A) and their corresponding wavelengths (λ) from the peaks of the 
absorbance spectra of the natural dyes were used to calculate their light-harvesting 
efficiency (LHE) and energy bandgap (Eg) using Equations 2.12 and 2.13 (Hara & 
Arakawa, 2003; Kumara et al., 2017). The peaks from the absorbance spectra of the 
natural dyes signify the presence of particular natural dye pigments that are 
responsible for plant part colouration and light-absorbing ability. These natural dye 
pigments are the ones that are suitable for the DSSC application. The LHEs and Egs 
were used to determine the potentiality of natural dyes whether to be used in NDSSC 
fabrication or not.According to Hara and Arakawa (2003), high Eg of the natural dye 
extract corresponds to a high HOMO – LUMO energy bandgap, implying that the 
higher the Eg of the dye extract the lower suitable the photo-sensitizer for DSSC 
application. Natural dyes that attained high LHEs and low Egs were used in the 
NDSSC fabrication. An arbitrary minimum absorbance of 0.5 a.u. (i.e. LHE ≥ 68 %) 
and maximum Eg of 3.24 eV (i.e. Eg<3.24 eV or λ> 383 nm) were used to select the 
natural dye extracts for the NDSSC fabrication. In this study, a total of thirty-two 
natural dye extracts, eight extracts from each of the four plant parts (Senna 
singueana flowers, Senna singueana leaves, Ximenia caffra fruits, and Bougainvillea 
glabra bracts) were studied to find out their optical properties. 
3.5 Fabrication of NDSSCs 
3.5.1 Preparation of Working Electrodes (WEs) 
The TiO2 paste was made by mixing 3.5 g of TiO2 powder (Qualikems, India) with 
10 ml of ethanol in a mortar and stirred with a pestle until it was lamp free. 
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Conductive side of the FTO glass slide (25 mm x 25 mm x 2.2 mm, Rs: 7 – 8 Ω/sq., 
transmittance at 550 nm:  ≥ 86 %, supplied by Techinstro-India) was determined by a 
digital multimeter (DMM). Then, adhesive tapes on three sides of the conductive 
side of the FTO glass slide were put to make an effective area of 3 cm2 for the 
NDSSCs. Thereafter, TiO2 paste was deposited on the FTO conductive side effective 
area by Doctor Blade method (Figure 3.8a). After coating the FTO glass slide with 
TiO2 paste (Figure 3.8b), it was left for 30 minutes to dry in air and then followed by 
heating at a temperature of 450 °C for 30 minutes using a hotplate (Stuart, Heat-Stir 
CB162). After that, it was left to cool in the air for another 30 minutes. The TiO2 
paste-coated FTO glass slide was soaked into the natural dye solution for 24 hours 
for the natural dye to anchor well to the TiO2 layer (Figure 3.9). Then, it was 
removed from the natural dye solution, rinsed with ethanol, and dried in air for 30 
minutes. After all these procedures, the WEs were completely ready for application. 

 
Figure 3.7: (a) Doctor Blading FTO Slide, (b) FTO Slides Coated with TiO2 Paste 

 
Figure 3.8: Natural Dye Deposition on TiO2 Layer Coated-FTO Slide 

3.5.2 Preparation of Counter Electrodes (CEs) 
The CE was made from another FTO glass slide by coating the conductive side of the 
FTO glass slide with carbon (candle flame soot). The conductive side of the FTO 
glass slide was determined by DMM and then the slide was held over a candle flame 
with a pair of tweezers (Figure 3.10a). The slide was passed several times on the 
flame until the side was covered with soot (Figure 3.10b). Using a piece of cotton 

(a) (b) 
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wool, three sides coated with soot were wiped to match the corresponding WE 
(Figure 3.10c). 

 
Figure 3.9: Preparation of Working Electrode(WE) 

3.5.3 Preparation of Redox Couple Electrolyte 
To determine the amount (mass) of the solutes (NaI and I2) in a required particular 
volume of the solvent (ethylene glycol), Equation 3.1 was used. After taking 10 ml as 
the required volume of the electrolyte, the iodide/tri-iodide (I-/I3-) redox couple 
electrolyte was prepared by dissolving 0.74945 g of 0.5M sodium iodide (NaI) 
(Rankem, India) and 0.06345 g of 0.05M iodine (I2) (Rankem, India) into 10 ml of 
ethylene glycol (Labassco, Sweden). Then, it was shaken until a uniform solution   (I-

/I3- electrolyte) was obtained (Cherian et al., 2017; Qazi, 2016; Uddin et al., 2015; 
Wongcharee et al., 2007) (Figure 3.11a). The prepared electrolyte was then stored in 
an amber bottle wrapped with aluminum foil papers in the darkness ready for use 
(Figure 3.11b). 

 ( ) =  ( ) ×  ×  ( )(3.1)  

(a) (b) (c) 
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Figure 3.10: Preparation of I-/I-3 Redox Couple Electrolyte 

3.5.4 Assembling of NDSSCs 
The coated conductive sides of WE and CE were placed in contact in such a way that 
the edges were offset to make terminals for external connection and two small binder 
clips were used to bind together the electrodes (Figure 3.11). Then, one or two drops 
of the electrolyte were injected between the electrodes with the help of a dropper.  

 
Figure 3.11: Assembled NDSSC Showing (a) WE (b) CE 

3.6 Determination of NDSSC Performance Parameters 
To determine the performance of fabricated NDSSCs, two DMMs (Haoyue DT830D 
and MasTech MY60) were used as ammeter and voltmeter respectively, a variable 
resistor (eisco Decade Resistance Box), and the sun as the source of light. The 

(b) (a) 

(a) (b) 
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connection was made as seen in the circuit (Figure 3.12) as adopted from Hossain et 
al. (2017) and Pamain et al. (2014). The voltage and current measurements were 
taken for 5 days (7th, 9th, 11th, 12th, and 13th November, 2019) between 12:00 noon to 
1:00 pm. The WE of each NDSSC was placed facing the sun and the resistance of the 
circuit was varied from high to low until the voltage across the cell was nearly zero. 
The corresponding values of voltage and current were recorded and used to plot the   
J – V and P – V curves. The Voc and the Jsc of the cells were determined from the J – 
V curves, whereas the Jm and Vm were obtained from the P – V curves. 

 
Figure 3.12: Electrical Properties Measurement Circuit(Hossain et al., 2017; Pamain 

et al., 2014) 

The fill factor (FF) and the power conversion efficiency ( ) were calculated using 
Equations 2.1, 2.2. In this study, an average value of about 90 mW/cm2 (measured by 
a pyranometer)from the sun was used as the input power density.  

3.7 Chapter Summary 
Natural dyes from Senna singueana flowers and leaves, Ximenia caffra fruits, and 
Bougainvillea glabra bracts were successfully extracted by ethanol and methanol 
maceration. LLE method was used to separate each extracted natural dye into five 
portions. The crude and purified natural dyes were characterized by UV-VIS 
spectroscopy to determine the LHE and Eg. The natural dyes that attained LHE ≥ 68 
% and Eg < 3.24 eV were used to fabricate the NDSSCs. The performance parameters 
of the fabricated NDSSCs were determined from their J – V and P – V curves and 
respective formulae (Equations 2.1 & 2.2). 
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CHAPTER FOUR 
RESULTS AND DISCUSSION 

4.1 Introduction 
This chapter presents and discusses the results obtained from the data collected 
aimed to investigate the effect of purified natural dyes on the DSSC performance. It 
is divided into two main sections with regards to the specific objectives – evaluation 
of absorbance of natural dyes and determination of the DSSC performance 
parameters and stability. Therefore, the first section presents and discusses the results 
concerning the optical properties of both crude and purified natural dyes. The second 
section on the other hand presents and discusses the results related to the 
performance parameters and stability of the fabricated DSSCs. Finally, the chapter 
ends with a summary focusing on the discussion of the effect of the purified natural 
dyes on the DSSC performance parameters and stability. 
4.2 Absorbance Spectra of Senna Singueana Flower Extracts 
Figure 4.1 shows the absorbance spectra of six natural dye extracts from Senna 
singueana flowers. These are Senna singueana flower methanol extract (SFM), 
Senna singueana flower methanol extract part A (SFA), Senna singueana flower 
aqueous extract part B (SFB), Senna singueana flower ethyl acetate separate (SF3), 
Senna singueana flower n-butanol separate (SF4), and Senna singueana flower 
aqueous separate (SF5). On the contrary, two extracts; Senna singueana flower 
petroleum ether separate (SF1), and Senna singueana flower chloroform separate 
(SF2) absorbed very little energy (absorbance close to zero) from the solar spectrum. 
This agrees with the colour of these extracts as they were almost colourless 
(containing little amount of natural pigments) while the other separates (SF3, SF4, 
and SF5) were lightly coloured in varying degrees. In addition, among the eight 
extracts; the crude extracts were SFM, SFA, and SFB, while the purified ones were 
SF1, SF2, SF3, SF4, and SF5. However, among the six extracts that absorbed light in 
varying degrees, only three extracts (SFM, SFA, and SF3) revealed absorption peaks. 
SFM and SFA spectra attained similar shapes, which may be attributed by the fact 
that both were methanol extracts of the same plant part – have the same chemical 
composition. The little difference in the absorbance may be due to purification 
process. SFM showed two absorption peaks, one at 425.50 nm and the other at 
451.50 nm. SFAhad three absorption peaks, located  
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Figure 4.1: Absorbance Spectra of Senna Singueana Flower Extracts 

at 406.00 nm, 425.00 nm, and 450.50 nm. This is comparable with the literature, 
thusSFM and SFA extracts (methanol extracts) may contain carotenoids as their 
absorption peaks lie between 300 nm – 550 nm (Adedokun et al., 2016; Rosana et 
al., 2015). Thus, SFMand SFA absorb light in the blue region of the solar spectrum. 
On the other hand, SF3 indicated two small absorption humps at 389.00 nm and 
646.00 nm. This implies that, SF3 absorbs light in the blue and red regions of the 
solar spectrum and the location of the peaks along the solar spectrum corresponds to 
the presence of chlorophyll pigments (Kumar et al., 2016).  
On the other hand, Table 4.1 presents the LHEs and Egs of the Senna singueana 
flower extracts. It was noted that, the lower the Eg of the dye the higher the light 
energy absorbed (García-Salinas & Ariza, 2019) and the higher the LHE the higher 
the light absorbing ability. For the TiO2 (Eg ~ 3.24 eV) WE, interested Eg of dyes is 
3.10 eV – 1.65 eV (i.e. 400 nm – 750 nm) (García-Salinas & Ariza, 2019). The LHEs 
of SFM and SFA were found to be more than 99 % - SFM and SFA have very good 
light-absorbing ability. The Egs of SFM were found to be moderate with values of 
2.91 eV, and 2.75 eV at the two absorption peaks respectively while the Egs of SFA 
at the three absorption peaks were 3.05 eV, 2.92 eV, 2.75 eV respectively. On the 
other hand, SF3 at the two absorption peaks had LHEs of 35.43 %, 12.90 %, and Egof 
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3.19 eV, 1.92 eV respectively. Besides the fact that SF3 showed low Eg (1.92 eV) at 
646.00 nm, its LHEs at both absorption peaks were lower than 68 %, and also Eg at 
389.00 nm was high (3.19 eV) that is comparable to the Eg of TiO2.  
Table 4.1: LHE and Eg for Senna Singueana Flower Extracts 

Dye 
Extract 

Peak Absorbance 
(a.u.) 

Peak Wavelength 
(nm) 

LHE 
 (%) 

Eg  (eV) 
SFM 2.55 

2.22 
425.50 
451.50 

99.72 
99.40 

2.91 
2.75 

 
SFA 

2.62 
2.67 
2.39 

406.00 
425.00 
450.50 

99.76 
99.79 
99.59 

3.05 
2.92 
2.75 

SF3 0.19 
0.06 

389.00 
646.00 

35.43 
12.90 

3.19 
1.92 

 
Although the crude natural dyes (SFM, SFA) from Senna singueana flowers were 
found potential photo-sensitizers for fabricating NDSSCs, the separates on the other 
hand were found unsuitable. Therefore, among the eight extracts from Senna 
singueana flowers, only two (SFM, and SFA) extracts were found to be potential 
photo-sensitizers. Thus, because the separates were found unsuitable, DSSCs using 
Senna singueana flower extracts were not fabricated. 
4.3 Absorbance Spectra of Senna Singueana Leaf Extracts 
Unlike the Senna singueana flower extracts, all eight leaf extracts exhibited 
absorbance (Figure 4.2). Seven dye extracts; that is Senna singueana leaf ethanol 
extract (SLE), Senna singueana leaf ethanol extract part A (SLA), Senna singueana 
leaf aqueous extract part B (SLB), Senna singueana leaf petroleum ether separate 
(SL1), Senna singueana leaf chloroform separate (SL2), Senna singueana leaf ethyl 
acetate separate (SL3), and Senna singueana leaf n-butanol separate (SL4) among 
the dye extracts revealed absorption peaks with the exception of Senna singueana 
leaf aqueous separate (SL5). Among these Senna singueana leaf extracts; SLE, SLA, 
and SLB were crude extracts whereas SL1, SL2, SL3, SL4, and SL5 were purified 
extracts. All the separates (SL1, SL2, SL3, SL4, and SL5) from SLB extract were 
coloured. Figure 4.2 depicts the absorption peaks for seven (crude and purified) 
extracts whose main absorption peaks lie between 380 nm – 480 nm and 630 nm – 
680 nm. Therefore,  
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Figure 4.2: Absorbance Spectra of Senna Singueana Leaf Extracts 

the main absorption peaks of the seven Senna singueana leaf extracts were located in 
the blue and the red regions of the solar spectrum, thus it can be concluded that the 
extracts contain chlorophyll pigments (Al-alwani, Ludin, et al., 2017; Awobokun & 
Garba, 2019). The coincidence of the absorption peaks of the seven extracts may be 
attributed to the extracts containing the same natural dye pigment (i.e. chlorophyll). 
Besides the peaks coincidence of the extracts, the difference in absorption at blue and 
red regions is attributed to the effect of extraction solvents. For instance, in the blue 
region SLE (crude dye extract) attained the highest absorbance, followed by the four 
purified dye extracts (SL2, SL1, SL4, and SL3), thus the four separates outperformed 
the SLA and SLB crude dye extracts. On the other hand, in the red region SL1 
(purified dye extract) showed the maximum absorbance, followed by SLE. Again 
three purified extracts (SL2, SL3, and SL4) outperformed the SLA and SLB crude 
dye extracts.  
From Table 4.2, the LHEs of the Senna singueana leaf extracts in the blue and red 
regions attained values greater than: 99 % (SLE), 98 %, 76 % (SLA), 99 %, 41 % 
(SLB), 99 % (SL1), 99 % (SL2), 99 %, 94 % (SL3), 99 %, and 90 % (SL4). Also, the 
Egs of the Senna singueana leaf extracts in the blue region were close to the value of 
Eg of TiO2 of 3.24 eV implying that the extracts absorb little energy from this region. 
However, in the red region the extracts showed low Egs, hence absorb enough energy 
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that is suitable for the DSSC application. Generally, most Senna singueana leaf 
extracts were found to be good light-absorbing dyes as their absorbance at maximum 
wavelength had LHE of more than 94 % and low Eg of about 1.91 eV. Therefore, five 
NDSSCs (one crude and four purified) were fabricated to compare the performance 
parameters.  
Table 4.2: LHE and Eg for Senna Singueana Leaf Extracts 

Dye 
Extract 

Peak Absorbance 
(a.u.) 

Peak Wavelength 
(nm) 

LHE  
(%) 

Eg (eV) 
 
 

SLE 
2.80 
2.40 
0.41 
0.64 
2.16 

417.50 
445.50 
518.00 
593.50 
645.00 

99.84 
99.60 
61.10 
77.09 
99.31 

2.97 
2.78 
 2.39 
2.09 
1.92 

 
 

SLA 
1.75 
1.44 
0.20 
0.21 
0.62 

393.50 
433.50 
518.00 
588.00 
 644.50 

98.22 
96.37 
 36.90 
 38.34 
 76.01 

3.15 
 2.86 
 2.39 
 2.11 
 1.92 

  
SLB 

2.62 
1.00 
0.23 

382.00 
 461.00 
 653.00 

99.76 
 90.00 
 41.12 

3.25 
 2.69 
 1.90 

 
 
 

SL1 

2.67 
1.91 
0.68 
0.68 
0.54 
0.21 
0.44 
2.33 

400.50 
 425.50 
 477.50 
 483.50 
 513.50 
 540.50 
 590.00 
 649.00 

99.79 
98.77 
79.11 
79.11 
71.16 
38.34 
63.69 
99.53 

3.10 
2.91 
2.60 
2.56 
2.41 
2.29 
2.10 
1.91 

 
SL2 

2.76 
0.65 
0.53 
2.06 

404.50 
518.50 
591.00 
649.00 

99.83 
77.61 
70.49 
99.13 

3.07 
2.39 
2.10 
1.91 

 
 

SL3 
2.46 
0.36 
0.16 
0.28 
1.26 

393.50 
515.00 
538.00 
588.50 
647.00 

99.65 
56.35 
30.82 
47.52 
94.50 

3.15 
2.41 
2.30 
2.11 
1.92 

 
 

SL4 
2.55 
2.21 
1.59 
0.37 
0.28 
1.02 

397.50 
421.50 
453.00 
517.50 
589.50 
647.50 

99.72 
 99.38 
 97.43 
 57.34 
 47.52 
 90.45 

3.12 
2.94 
2.74 
2.40 
2.10 
1.92 
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4.4 Absorbance Spectra of Ximenia Caffra Fruit Extracts 
Among the eight extracts from Ximenia caffra fruit, only Ximenia caffra fruit 
petroleum ether separate (XF1) had zero absorbance. Thus, Figure 4.3 shows the 
absorbance spectra of the seven Ximenia caffra fruit extracts, namely: Ximenia caffra 
fruit ethanol extract (XFE), Ximenia caffra fruit ethanol extract part A (XFA), and 
Ximenia caffra fruit aqueous separate (XF5) that showed absorption peaks; and 
Ximenia caffra fruit aqueous extract part B (XFB), Ximenia caffra fruit chloroform 
separate (XF2), Ximenia caffra fruit ethyl acetate separate (XF3), and Ximenia caffra 
fruit n-butanol separate (XF4) that did not exhibit any absorption peaks. From these 
extracts; XFE, XFA, and XFB were crude extracts while XF1, XF2, XF3, XF4, and 
XF5 were purified extracts. Among the separates (purified extracts), XF1 was 
colourless, XF2 and XF3 were almost colourless, and XF4 and XF5 were lightly 
coloured. 
Therefore, from Figure 4.3, XFE showed absorption peaks at 401.50 nm, 427.50 nm, 
and 454.50 nm while XFA located its absorption peaks at 405.50 nm, 426.00 nm, and 
453.00 nm. XFE and XFA were both ethanol extracts, hence had the similar shapes 
of the absorption spectra due to having the same chemical composition. On the other 
hand, the XF5 exhibited one absorption peak at 421.00 nm. The absorption peaks of 
XFE, XFA, and XF5 were located in the blue region of the solar spectrum, this can 
be  

 
Figure 4.3: Absorbance Spectra of Ximenia Caffra Fruit Extracts 
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attributed to the presence of carotenoids (Adedokun et al., 2016; Rosana et al., 2015). 
In addition to that, the LHE of XFA that ranged between 83 – 88 % was greater than 
the LHE of XFE that ranged between 73 – 79 % by about 10 % (Table 4.3). This 
might be caused by re-macerating the natural dye sample residues after evaporation 
of the extraction solvent and water maceration increases the absorbance as this issue 
emerged in almost all natural dye samples. Moreover, the Egs of XFE, XFA, and 
XF5 at maximum wavelength were 2.73 eV, 2.74 eV, and 2.95 eV respectively. 
Thus, XFE and XFA were found to be potential natural photo-sensitizers for DSSC 
application as they showed good LHE and moderate Eg. Since the XF5 separate from 
Ximenia caffra fruits attained low LHE (~50 %), thus NDSSCs from Ximenia caffra 
fruit extracts were not fabricated. 
Table 4.3: LHE and Eg for Ximenia Caffra Fruit Extracts 

Dye 
Extract 

Peak Absorbance 
(a.u.) 

Peak Wavelength 
(nm) 

LHE 
(%) 

Eg 
(eV) 

 
XFE 

0.60 
0.69 
0.57 

401.50 
427.50 
454.50 

74.88 
79.58 
73.08 

3.09 
2.90 
2.73 

 
XFA 

0.81 
0.95 
0.79 

405.50 
426.00 
453.00 

84.51 
88.78 
83.78 

3.06 
2.91 
2.74 

XF5 0.30 421.00 49.88 2.95 
 
4.5 Absorbance Spectra of Bougainvillea Glabra Bract Extracts 
Purified Bougainvillea glabra bract extracts have been used in DSSC (Hernandez-
Martinez et al., 2011), thus were selected to be used as natural dye samples for 
DSSCs as a benchmark natural dye sample for this study. Among the eight dye 
extracts from Bougainvillea glabra bracts, only Bougainvillea glabra bract 
petroleum ether separate (BB1) showed zero absorbance while the rest exhibited 
absorbance as depicted in Figure 4.4. Moreover, Bougainvillea glabra bract ethanol 
extract (BBE), Bougainvillea glabra bract ethanol extract part A (BBA), 
Bougainvillea glabra bract aqueous extract part B (BBB), Bougainvillea glabra bract 
chloroform separate (BB2),  
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Figure 4.4: Absorbance Spectra of Bougainvillea Glabra Bract Extracts 

and Bougainvillea glabra bract aqueous separate (BB5) indicated absorption peaks in 
the VISregion. From Figure 4.4; BBE, BBA, and BBB were crude natural dye 
extracts while BB1, BB2, BB3, BB4, and BB5 were purified natural dye extracts and 
among them, only BB1 was colourless. As shown in Figure 4.4, the absorption peaks 
attained by BBE were at 465.50 nm, 517.00 nm, and 645.50 nm also a good LHE of 
more than 92% (Table 4.4) that falls in blue and green regions. Furthermore, BBE 
has also poor LHE of less than 28% in the red region. In case of BBA, the absorption 
peaks were at 401.00 nm, 417.50 nm, 454.00 nm, 517.50 nm, 587.00 nm, and 645.00 
nm. Thus, BBA has a broad absorption band covering from blue to red regions, its 
absorption spectrum resembling to that of chlorophyll pigments (Mphande & 
Pogrebnoi, 2014) (Figure 4.4). For BB2 the absorption peaks were seen at 396.00 
nm, 420.00 nm, and 646.00 nm – absorbs light in the blue and red regions; whereas 
BBB and BB5attained one absorption peak at around 516.00 nm. The coincidence 
location of the absorption peaks of BBB and BB5 may be because both extracts were 
aqueous extracts. The LHEs and Egs of BB2 and BB5 separates of Bougainvillea 
glabra bract extracts were found good and thus potential for photo-sensitizers (Table 
4.4). Thus, three NDSSCs (one crude and two purified) were fabricated to investigate 
the purification effect on the NDSSC performance parameters. 
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Table 4.4: LHE and Eg for Bougainvillea Glabra Bract Extracts 
Dye 

Extract 
Peak Absorbance 

(a.u.) 
Peak Wavelength 

(nm) 
LHE 
(%) 

Eg 
(eV) 

 
BBE 

1.10 
1.27 
0.14 

465.50 
517.00 
645.50 

92.06 
94.63 
27.56 

2.66 
2.40 
1.92 

 
 
 

BBA 

2.85 
2.67 
1.75 
0.90 
0.43 
1.54 

401.00 
417.50 
454.00 
517.50 
587.00 
645.00 

99.86 
99.79 
98.22 
87.41 
62.85 
97.12 

3.09 
2.97 
2.73 
2.40 
2.11 
1.92 

BBB 2.09 515.50 99.19 2.41 
 

BB2 
0.67 
0.59 
0.25 

396.00 
420.00 
646.00 

78.62 
74.30 
43.77 

3.13 
2.95 
1.92 

BB5 1.89 516.00 98.71 2.40 
 
4.6 Performance Parameters of Fabricated NDSSCs 
The performance parameters of NDSSCs (Jsc, Voc, FF, and η) were calculated using 
their respective J – V and P – V curves and formulae (Equations 2.1, 2.2). Among the 
four natural dye samples (Senna singueana flowers, Senna singueana leaves, 
Ximenia caffra fruits, and Bougainvillea glabra bracts), four Senna singueana leaf 
and two Bougainvillea glabra bract extracts separates were found suitable for the 
DSSC application. Therefore, to determine the effect of purification on the 
performance parameters, a comparison between crude and purified natural dyes for a 
total of eight NDSSCs (five from Senna singueana leaves, and three from 
Bougainvillea glabra bracts) was carried out.  
4.6.1 J – V and P – V Curves for Selected Senna Singueana Leaf Extracts 
Figures 4.5, 4.6 and Table 4.5 show the J – V, P –V curves and performance 
parameters of Senna singueana leaf extracts respectively. On comparison, the crude 
ethanol extract (SLE) attained the highest Vocthan all four separates (SL1, SL2, SL3, 
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and SL4). In this regard, purification decreased Voc as indicated by the percentage 
decrease of the separates: SL1 (85 %), SL2 (25 %), SL3 (28 %), and SL4 (75 %). 
Likewise, purification decreased the Jscof SL1 and SL4 by 75 % and 58 % 
respectively. On the other hand, purification increased the Jscof SL2 by 11 % and had 
no effect on the Jscof SL3. The percentage increase in Jsc for SL2 may be due to 
lower Eg of SL2 than SLE (Table 4.2) and the effect of solvent (chloroform) on dye 
attaching groups. Like the effect of purification on Voc, the FF and η respectively of 
the separates were lower than the crude dye as shown by the following percentage 
decrease: SL1 (24 %, 97 %), SL2 (11%, 25 %), SL3 (16 %, 40 %), and SL4 (43 %, 
94 %). So, SLE attained the highest Voc (471 mV), FF (0.37), and η (0.68 %) 
compared to the three separates (SL1, SL3, and SL4). On contrary the maximum 
value for Jsc (4.87 mA/cm2) was attained by SL2separate. Thus, from this natural dye 
sample, it is clearly seen that the purification of the natural dyes had negative effect 
on Voc, Jsc (SL1, SL4), FF, and η; no effect on SL3 Jsc; and positive effect on SL2 Jsc. 
Therefore, the general effect of purification on the Senna singueana leaf extract is 
negative similar to the studies conducted by Zhou et al. (2011) using Mangosteen 
pericarp extract, and Uddin et al. (2015) using red amaranth leaf extract. 

 
Figure 4.5: J – VCurves for Selected Senna Singueana LeafExtracts 
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Figure 4.6: P – V Curves for Selected Senna Singueana LeafExtracts 

Table 4.5: Performance Parameters for Selected Senna Singueana Leaf Extracts 
Dye 

Extract 
Voc 

(mV) 
Jsc 

(mA/cm2) 
Vm 

(mV) 
Jm 

(mA/cm2) 
Pm 

(mW/cm2) 
FF η  

(%) 
SLE 471 4.32 230 3.23 0.74 0.37 0.68 
SL1 70 1.10 32 0.68 0.02 0.28 0.02 
SL2 355 4.87 180 3.16 0.57 0.33 0.51 
SL3 340 4.32 156 2.91 0.45 0.31 0.41 
SL4 120 1.80 50 0.91 0.05 0.21 0.04 
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percentage decrease of Voc of the selected natural dyes due to aging was calculated 
after a duration of 24 hours. The percentage decrease of Vocfor SLE, SL1, SL2, SL3, 
and SL5 were found to be equal to 5%, 15 %, 14 %, 5 %, and 49 % respectively. The 
percentage decrease of Voc shows that, SLE and SL3 had the smallest value of 5% 
while SL4 had the highest value of 49%. For the selected natural dyes from Senna 
singueana leaves, purification had a negative effect on the Voc for the three extracts 
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(SL1, SL2, and SL4) and no effect for the Voc of SL3. This shows that ethanol Senna 
singueana leaf extract has synergistic effect, that is when the dye is separated the 
performance parameters decrease (Chien & Hsu, 2013). 
4.6.2 J – V and P – V Curves for Selected Bougainvillea Glabra Bract Extracts 
Figures4.7, 4.8, and Table 4.6 show respectively the J – V, P – V curves, and the 
calculated performance parameters (Voc, Jsc, FF, and η) for BBE, BB2, and BB5 
extracts. The η of BBE (crude) is in agreement with the literature (Hernandez-
Martinez et al., 2011). The comparison of the performance parameters between crude 
and purified natural dyes (Table 4.6), shows that purification resulted percentage 
decrease on Voc, Jsc, and η of about 97 %, 44 %, 96%; 85 %, 42 %, and 91 % for BB2 
and BB5 respectively. For the case of FF, purification resulted percentage increase 
on BB2 of about 116 % and percentage decrease on BB5 of about 24 %. Also, the 
decrease of Voc due to aging (after 24 hours) of BBE, BB2, and BB5 were 13 %, 22 
%, and 44 %. Similarly, purification had a negative effect on the Voc of the fabricated 
NDSSCs due to aging. Thus, generally purification of ethanol Bougainvillea glabra 
bract extract (BBE) had a negative effect on the four performance parameters and 
stability due to aging. Synergistic effect is likely to be the reason why purified dye 
performed worse compared to its counter crude dye (Chien & Hsu, 2013). 

 
Figure 4.7: J – VCurves for Selected Bougainvillea Glabra BractExtracts 
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Figure 4.8: P – V Curves for Selected Bougainvillea Glabra BractExtracts 

Table 4.6: Performance Parameters for Selected Bougainvillea Glabra Bract 
Extracts 

Dye 
Extract 

Voc 
(mV) 

Jsc 
(mA/cm2) 

Vm 
(mV) 

Jm 
(mA/cm2) 

Pm 
(mW/cm2) 

FF η  
(%) 

BBE 380 3.34 235 1.74 0.41 0.32 0.45 
BB2 11.7 1.86 8.7 1.72 0.01 0.69 0.02 
BB5 75 1.95 42 0.83 0.03 0.24 0.04 

 
4.7 Chapter Summary 
The optical characterization of the extracted natural dyes used in this study revealed 
that, all crude ethanol (SLE, SLA, XFE, XFA, BBE, BBA) and methanol (SFM, 
SFA) extracts were found to be potential photo-sensitizers. However, all separates 
(purified extracts) of Senna singueana flower and Ximenia caffra fruit extracts were 
unsuitable photo-sensitizers for the DSSCapplication. On the other hand, some 
separates from the Senna singueana leaf (SL1, SL2, SL3, and SL4) and 
Bougainvillea glabra bract (BB2, and BB5) extracts were found potential photo-
sensitizers. For the case of the electrical characterization, the fabricated NDSSCs 
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using crude ethanol extracts (SLE, and BBE) and purified extracts (SL1, SL2, SL3, 
SL4, BB2, and BB5) indicated that for almost all four performance parameters (Voc, 
Jsc, FF,and η) of the purified extracts were less compared to that of crude ones. Thus, 
it is worth to note that purification of ethanol extracts from Senna singueana leaves 
and Bougainvillea glabra bracts does not enhance the DSSC performance 
parameters. 
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CHAPTER FIVE 
CONCLUSION AND RECOMMENDATIONS 

5.1 Introduction 
This chapter presents the conclusion of the study and the recommendations for 
further studies especially the usage of purified natural dyes in the DSSC. 
5.2 Conclusion 
In this study, natural dyes were successfully extracted from four plant parts (i.e. 
Senna singueana flowers, Senna singueana leaves, Ximenia caffra fruits, and 
Bougainvillea glabra bracts) using ethanol and methanol solvents. The three ethanol 
extracts (SLE, XFE, and BBE) and one methanol extract (SFM) were purified using 
the LLE technique using five solvents (distilled water, petroleum ether, chloroform, 
ethyl acetate, and n-butanol) as purifying solvents. Each natural dye extract was 
portioned into five parts (separates).  
The UV-VIS characterization of all-natural dye extracts (crude, re-extracted, and 
purified) was carried out to evaluate their optical properties (LHEs and Egs). All 
crude (SFM, SLE,XFE, and BBE) and re-extracted (SFA, SLA, XFA, BBA) natural 
dyes revealed good LHE and low Eg making them potential candidate natural photo-
sensitizers for DSSCs. On the other hand, all purified natural dyes from Senna 
singueana flowers and Ximenia caffra fruits were found unsuitable while some from 
Senna singueana leaves (SL1, SL2, SL3, and SL4) and Bougainvillea glabra bracts 
(BB2, BB5) were found suitable. Thus, NDSSCs were fabricated using suitable dye 
extracts. 
Moreover, the electrical characterization (performance parameters) and stability of 
NDSSCs using crude and purified Senna singueana leaves and Bougainvillea glabra 
bracts extracts was determined. The determined solar cell performance parameters 
showed that purified natural dyes did not enhance the NDSSC performance 
parameters especially the η. Thus, for the selected natural dye samples, it is 
concluded that the purification of the natural dyes had a negative effect on the solar 
cell performance parameters and stability. 
Finally, during the determination of the performance parameters, the photo-
degradation problem on the NDSSCs when exposed to light also emerged. This 
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problem is mainly caused by the evaporation of liquid electrolyte and degradation of 
the natural dye when the cell is exposed especially sunlight that contains UV light. In 
this study, the NDSSCs were exposed to sunlight immediately after being fabricated 
to determine current (I) and voltage (V) values so as to minimize the effect of the 
photo-degradation. Also, the liquid electrolyte was added to longer exposed NDSSCs 
to compensate the evaporated electrolyte. After the determination of I and V values, 
the NDSSCs were stored in dim-light environments to lessen the photo-degradation 
effect. 
5.3 Recommendations 
To improve the NDSSC performance in future studies, the following are 
recommended:  

(i) More studies have to be done on the synergetic effect of natural dyes that 
happens when purification is carried out; 

(ii) Other purification methods for purifying natural dyes such as higher 
performance liquid chromatography (HPLC) may be used to purify 
natural dyes; 

(iii) More exploration on the impact of extraction and purifying solvents with 
regards to plant part and species has to be conducted to find out more 
knowledge; 

(iv) The natural dye pigments for Senna singueana flowers, leaves, and 
Ximenia caffra fruits have to be determined using methods such as 
Fourier Transform Infrared (FTIR) spectroscopy; and 

(v) Further studies on the photo-degradation of NDSSCs when exposed to 
light are still needed in order to overcome the stability problem. 

5.4 Chapter Summary 
NDSSCs were fabricated using natural dye extracts from Senna singueana leaves, 
and Bougainvillea glabra bracts. Purification of these natural dyes led to lower 
performance parameters as compared to the crude natural dyes – purified natural 
dyes had a negative effect on the NDSSC performance parameters. To enhance the 
NDSSC performance and stability; more research on the effect of purification, 
stability problems (caused by photo-degradation of natural dyes and liquid 
electrolytes) have to be done using different solvents and approaches. 
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