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ABSTRACT 

In times of fossil fuel shortage, increasing crude oil prices, as well as rejection of 

conventional energy sources (e.g. coal or nuclear power plants), sustainable energy 

forms become more and more the focus of attention. One of several offered solutions 

is to develop a photovoltaic device (solar cells), since solar energy is abundant. 

Especially, Namibia receives solar radiation of 5.8 to 6.4 KWh per square meter per 

day – one of the highest in the world. With 8 to 11 average hours of sunshine per day 

throughout the year, this offers fantastic potential for solar energy, both photovoltaics 

and solar thermal. Dye Sensitized Solar Cell (DSSC) which is presented here is a thin 

film cell. Manufacturing of DSSCs is simple, mostly low cost, and incorporate 

environmentally friendly materials. They have a good efficiency (about 10-14 %) even 

under low flux of sunlight. However, a major drawback is the temperature sensitivity 

of the liquid electrolyte. Hence, this study presents the ongoing research to improve 

the electrolyte’s performance by using natural dye. A transparent conductive oxide 

(TCO) film of Fluorine - doped Tin Oxide (FTO) was used as an anode. In this 

research, chlorophyll extracted from Colophospermum Mopane leaves using methanol 

was employed as the dye for TiO2-based DSSC. TiO2 precursor solution prepared by 

Molecular precursor method (MPM) was spin-coated on top of Fluorine- Doped Tin 

Oxide (FTO) conductive glass and calcined at 420 ̊ C for 20 min to act as an anode 

electrode. The cathode electrode was a supportive glass substrate coated with a layer 

TiO2 paste (Degussa P25) followed by graphene layer obtained from charcoals sold in 

Namibian markets. The anode electrode was then immersed in the dye for 20 min, to 

make the TiO2-chlorophyll thin film. An iodide/triiodide solution was used as the 

electrolyte. Both electrodes were then pressed together and sealed so that the cell does 

not leak to make TiO2-Graphene-Chlorophyll-TiO2 sandwich structure based DSSC. 
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An external load was supplied when sunlight shine on the anode of the cell. The 

photovoltaic performance of this assembled DSSC was then measured using a multi-

meter employing eDAG Potentiostat R466 and Echem software under direct sunlight 

illumination. Furthermore, the assembled cell efficiency was determined by plotting 

an IV-curve. The current and voltage values for the cell were 157.4 µA and 510 mV 

respectively. The resistance of the assembled DSSC was 0.931 Ω. Open circuit voltage 

287.1 mV, short circuit current 170.8 µA, fill factor 33.5 %, with an efficiency of 0.37 

% was obtained. The cell was tested under direct sunlight illumination having a power 

input of 4.5 mW, on the solar cell area of 7.8 cm2. These results were supported by the 

UV/Vis analysis showing that both chlorophyll and TiO2 do absorb photons in the wide 

range of 300 nm to 1000nm. A wide absorption range means that the cell can absorb 

in the visible and IR light which make up about 90% of the solar spectrum. Large 

active surface area exposure for the TiO2, enabled more dye and electrolyte to be stored 

inside the material so that photon adsorptions from solar energy became more 

effective, resulting in higher efficiency. Despite the small efficiency, this work 

demonstrated the opportunities of Chlorophyll and TiO2 to be applied as a DSSC. 
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CHAPTER 1: INTRODUCTION 

1.1 Background of the study 

Over billions of years, the earth has been converting sunlight into energy via 

photosynthesis. Sunlight is the most abundant and sustainable energy source that is 

free. The Earth receives energy from the sun at the rate of ~1.2 × 1017 J s−1 [1]. This 

exceeded the yearly worldwide energy consumption rate of ~1.5 × 1013 J s−1[1]. 

Therefore, it is a challenge to devise an approach for the effective capture and storage 

of solar energy for our consumption since fossil fuels such as oil and gas will be 

depleted in years to come [2]. In order to imitate the photosynthesis process, Grätzel 

has developed dye-sensitized solar cells (DSSCs) based on the similar working 

mechanism [3]. Figure 1 shows the typical DSSC. Nevertheless, one main difference 

between photosynthesis of plants and DSSCs is that the energy can be stored in plants 

for later use but DSSC is unable to store energy. Ever since the birth of DSSCs, they 

have become the spotlight of attention among scientists and researchers around the 

world as they are much cheaper, easier to fabricate, and more environmentally friendly 

when compared with conventional silicon solar cells [4].  

 

Figure 1 Structure of photosynthetic pigments-sensitized TiO2 solar cell. 
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A DSSC is an electrochemical device that comprises a transparent-conducting oxide 

(TCO) glass over which is deposited a semiconductor. The semiconductor is soaked 

in a dye solution. An electrolyte with reduction-oxidation (redox) mediator and 

cathode are the other remaining components. The fluorine-doped tin oxide 

(FTO)/semiconductor/dye assembly is referred to as photoanode. Indium-doped tin 

oxide (ITO) and FTO are two TCOs used commonly in DSSCs. Titanium dioxide 

(TiO2) is one of the popular semiconductors used for DSSC since it is cheap, non-

toxic, and possesses a large band gap [5]. TiO2 is deposited on the TCO substrate in 

the form of TiO2 nanoporous particle network to increase the coverage area for the 

sensitizing dye. The cathode is made up of another TCO on top of which platinum is 

deposited. Carbon and conducting polymers can also be employed as counter 

electrodes. If a gel polymer electrolyte is used, it is sandwiched between the 

photoanode and cathode. The dye, on the other hand, can be categorized into two 

groups: synthetic and natural. The most frequently used synthetic dyes are the 

ruthenium (Ru)-based dyes but they are not environmentally friendly since Ru is a 

heavy metal [6]. Such dyes are also very expensive due to the scarcity of Ru. By 

contrast, natural dyes are readily available and thus cheap besides being non-toxic, 

environmentally friendly, biodegradable, easily extracted as well as can be used 

without any purification. Since DSSC mimics the photosynthesis of green plants, 

therefore chlorophyll can also function as photosensitizer for DSSC. In fact, report on 

chlorophyll as photosensitizer on zinc oxide (ZnO) semiconductor was first published 

by Tributsch in 1972 [7]. 

Today, several natural dyes have been utilized as sensitizers for DSSCs. El-Agez et al. 

[8,9] studied natural dyes extracted from fresh and dried plant leaves and found that 

spinach oleracea extract has a better performance after drying where the efficiency of 
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the cell prepared with TiO2 thin film layer reached 0.29%. Plant seeds have been used 

as sensitizers and it was found that DSSCs sensitized with the extracts of onion, rapa, 

and Eruca sativa seeds have efficiencies of 0.875%, 0.86%, and 0.725%, respectively 

[10]. In 2008, red Sicilian orange juice dye was used as a sensitizer and a conversion 

efficiency of 0.66% was reported [10]. Rosella was used as a sensitizer for DSSCs 

with efficiency of 0.70% [11]. Roy et al. reported that DSSCs sensitized with Rose 

Bengal dye can have conversion efficiency of 2.09% [12]. The modified structure of 

coumarin derivative dye was proposed by Wang et al. [13] which provided an 

efficiency of 7.6%. J. Etula and R. Ahmadian [15] studied the structure and the 

concentration of anthocyanins, respectively, in several natural dyes used as sensitizers 

for DSSCs. It was hypothesized, that natural dyes with higher anthocyanin 

concentration, such as those extracted from blueberry and black raspberry, have higher 

fill factors and efficiency. Chlorophyll (A) structure in Punica granatum peel extract 

gave a solar cell with 1.86% conversion efficiency [16]. In general, natural pigments, 

such as anthocyanins, carotenoids, and chlorophylls, have several advantages over rare 

metal complexes for DSSC sensitization. It has been shown that chlorophyll has good 

potential to serve as photosensitizer in dye-sensitized solar cells. Moreover, they are 

cheap, non-toxic, biodegradable, easily found, and easy to use as sensitizer. Although 

the efficiency is still considerably low with highest efficiency to date being only 4.6% 

from DSSC with U. pinnatifida chlorophyll C2, there remains the possibility and room 

for improvement to further enhance the performance and improve stability of 

chlorophyll-sensitized DSSCs for practical applications. In this thesis, the extracts of 

chlorophyll from the Colophospermum Mopane leaves (Mopane leaves) is used as 

sensitizer for TiO2-Graphene-Chlorophyll-TiO2 Sandwich Structure as DSSC. The 

extracts are characterized by UV-Vis absorption spectroscopy. TiO2 thin film is used 
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as a semiconducting material. The photovoltaic tests of DSSC are carried out under an 

incident irradiation from direct sunlight. 

There are quite number of ways of fabricating thin films. These methods are classified 

as physical and chemical. For the purpose of this study, the chemical method of 

fabrication, namely Molecular Precursor Method was used. Nagai and Sato [17] define 

Molecular Precursor Method (MPM) as a wet chemical process for the creation of thin 

films of various metal oxides, this includes titanium dioxide or calcium phosphate 

compounds. The precursor thin films produced by this method requires heat treatment 

to remove any organic ligands in the precursor solution. MPM has an advantage of 

excellent stability, homogeneity, miscibility, and coating thus forming metal complex 

coating with those characteristics [18]. MPM forms well developed thin films [17]. 

Furthermore, Nagai and Sato [17] state that the crystal size of the oxide particles in the 

thin films fabricated by this method is normally smaller than those fabricated via the 

conventional sol-gel method. 

MPM involves reacting titanium tetraisopropoxide with ethylenediaminetetraacetic 

acid (EDTA), in dibutylamine solution and hydrogen peroxide [18]. The resultant 

precursor solution is then spin coated on glass substrates to form precursor composite 

thin films. Therefore, after the fabrication of a DSSC using MPM, the evaluation the 

its performance, the Overall Energy Conversion Efficiency is considered. Other 

required parameters are Jsc (short-circuit current density), Isc (short-circuit current), Voc 

(open-circuit-voltage), and FF (fill-factor). The short circuit-current is the current 

across the solar cell when voltage is zero (i.e., when the solar cell is short circuited). 

Open circuit voltage is the maximum voltage available from a solar cell, which is 

obtain from splitting hole and electron Fermi levels. Fill factor is described the quality 

of the solar cell, calculated as the rate of maximum power from the actual solar cell 
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per maximum power from an ideal solar cell. Efficiency is described as the ratio of 

energy output from the solar cell to input energy from the sun. 

1.2 Statement of the problem 

In Namibia, the Colophospermum Mopane remains an underutilized plant with little 

information available about its uses. This research on the photo-electrical conversion 

efficiency of DSSC prepared from mopane leaf chlorophyll extract is important, in 

order to make the local people, and the whole world at large, aware about the potential 

use of Colophospermum Mopane leaf chlorophyll extract as a dye in DSSC. 

1.3 Objectives of the study 

The objectives of the study were: 

(a) To construct TiO2-CARBO-chac as a counter electrode. 

(b) To create TiO2-Chlorophyll thin film. 

(c) To assemble TiO2-CARBO-chac-TiO2-Chlorophyll sandwich based DSSC. 

(d) To test the photo - electrical conversion efficiency of the assembled DSSC. 

1.4 Significance of the study 

This study provides information on the use of TiO2-CARBO-chac-TiO2-Chlorophyll 

sandwich based DSSC, which has the potential to improve the overall photo-electrical 

conversion efficiency for DSSCs. In addition, the TiO2-CARBO-chac aids in the 

absorption of photons in the visible and infrared regions. In this case CARBO-chac 

shifts the photo-responsive threshold frequency of TiO2 into the visible region. 

Furthermore, it uses chlorophyll that was harvested from an indigenous plant 

Colophospermum Mopane. Colophospermum Mopane grows in the northern parts of 

Namibia.  
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CHAPTER 2: LITERATURE REVIEW 

2.1 Overview 

The modern version of a Dye Sensitized Solar Cell, also known as the Grätzel cell, 

was initially co-invented in 1988 by Brian O'Regan and Michael Grätzel at University 

of California, Berkeley and this work was later developed by the aforementioned 

scientists at the École Polytechnique Fédérale de Lausanne until the publication of the 

first high efficient DSSCs in 1991 [19]. Research has been done to enhance the 

efficiency of Grätzel cell using environmentally friendly and affordable materials [19]. 

There is a need to shift the absorption threshold of the UV-region response of TiO2 

into the visible region which can be achieved by doping TiO2 with dye sensitizers [18]. 

Chlorophyll which aids in the absorption of sunlight by plants can also be used as a 

natural dye [20,21]. 

Solar cells are devices which use photo-voltaic effects to convert solar energy into 

electrical energy, as shown in figure 2 [22]. Semiconductor material produce chemical 

energy by separating photon and electron known as the potential energy difference. 

Solar cells are classified into three groups based on the material they are made of, 

namely first-generation solar cells (crystalline silicon solar cells), second generation 

solar cells (thin film solar cells) and third generation solar cells (organic solar cells). 

Dye-sensitized solar cells (DSSCs) are low-cost solar cells belonging to a group of 

thin film solar cells (2nd generation solar cells) [23]. DSSCs are based on a 

semiconductor formed between a photo-sensitized anode and an electrolyte [23]. A 

modern DSSC is composed of a layer of titanium dioxide (Titania or TiO2) 

nanoparticles, covered with a dye that absorbs sunlight such as chlorophyll [22,23]. 
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The TiO2 is immersed in an electrolyte solution, above a transparent conductive oxide 

(TCO) films-based electrode. 

 

Figure 2 Photovoltaic conversion of sunlight in DSSC, excitation of dye by a photon, 

electron injected into titania, which later flow through the bulb [22]. 

Titanium dioxide is a naturally occurring oxide of titanium. In nature it occurs as three 

forms of titania namely ilmenite (brookite), rutile, and anatase (figure 3). Titanium 

dioxide is highly stable, highly reactive, non-toxic and cost effective [18]. It has a 

variety of applications in paints, sunscreen, and food coloring [18]. Titanium dioxide 

is a semiconductor with band gap (Eg) of 3.0 – 3.2 eV [24]. Due to this wide band gap, 

it requires lot of energy to promote or excite electrons in the valence band to 

conduction band of titanium dioxide [25]. Furthermore, titanium dioxide is limited to 

absorbance of ultraviolet (UV) light which only accounts for 3 – 5 % of solar radiation 

as illustrated in figure 3 below [18,24]. As a result, research has been extensively done 

on titanium dioxide to tune its threshold energy to make use of visible-light by doping 

it with various materials such as dye sensitizers, non-metals, and transition nano-noble 

metals. Visible light constitutes approximately 40 % of solar radiation (figure 4) [18].  



8 
 

 

Figure 3 The three phases of titanium dioxide (a) rutile, (b) brookite or ilmenite, and 

(c) Anatase [18]. 

 

Figure 4 Standard solar spectral irradiance (AM 1.5 global) [18]. 

Graphene has been extensively studied in numerous solar cell applications due to its 

good mechanical strength and remarkable charge transport properties [26]. Activated 

charcoal’s extraordinary explicit surface area allows active catalytic sites for charge 

storage and electrochemical reactions, maintaining a multi-edge porous morphology 

[27]. However, it is limited by low substrate adhesion and comparatively low 

(a) (b) (c) 
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conductivity, resulting in large internal impedance [27]. Coupling activated carbon 

with other materials such as titanium dioxide blocking layer could enhance its low 

conductivity and capacitance as a counter electrode (CE) [26]. 

Chlorophyll is a natural pigment that aids photosynthesis in a plant [20]. Figure 5 

illustrates the chemical structures of chlorophyll a and chlorophyll b. Since it absorbs 

blue and red light it is employed in DSSCs as sensitizers [21]. In addition, chlorophyll 

absorbs visible light and near infrared light, as shown in figure 5 below [28]. 

Chlorophyll can be easily obtained from Colophospermum Mopane leaves, it is 

biodegradable, and environmentally friendly thus considered for this research (figure 

6).  

 

Figure 5 Chemical structure of (a) chlorophyll a, and (b) chlorophyll b [20]. 

 

 

(a) (b) 
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Figure 6 Absorption spectrum of solar radiation and chlorophyll absorbance [28]. 

2.2 Dye Sensitize Solar Cells (DSSCs) 

2.2.1 Overview 

DSSCs have been proposed as an alternative to 1st generation crystalline silicon solar 

cells. These cells are cost-effective, highly efficient photovoltaic energy converters 

[29]. The sensitized dye absorbs inbound sunlight and excite electrons from the highest 

occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital 

(LUMO) [30]. The electrons which are knocked lose are then injected into the 

photoanode, which infiltrate through the photoanode and reach the CE [30]. The 

electrolyte revitalizes the oxidized dye molecules through reducing the species in the 

electrolyte [29]. The shape and the structure of the photoanode material are the key 

factors in photoelectric conversion efficiency [30]. Titanium dioxide (TiO2) is widely 

used as photoanode material in DSSCs [19-30]. The adsorption of dye on TiO2 surface 

slightly changes the energy levels of the dye [30]. 

2.2.2 Components of DSSCs 

DSSCs are made up of a working electrode (WE), sensitizer (dye), electrolyte, and 

counter electrode (CE). The dye molecule is applied on the working electrode and 
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further attached to the counter electrode saturated with a thin layer of electrolyte, a 

sealant is used to prevent the loss of an electrolyte. 

Light absorption, electron injection, transportation of carrier, and collection of current 

are the principles on which DSSC operate [19]. The phases of the photovoltaic 

performance of DSSC are, as outlined by Sharma et al. [19], illustrated in figure 7: 

1. Photon absorption by a dye sensitizer, and as such, electrons are excited from 

ground state to excited state of the sensitizer, where absorption takes place 

which is mostly in the ultraviolet-vis (UV-vis) and near infrared region (NIR) 

regions analogous to 1.72 eV photon energy. 

2. The excited electrons are then injected into the conduction band of nanoporous 

TiO2 electrode in nanosecond timing, this layer lies underneath the excited state 

of the dye, photons from the UV region are absorbed by TiO2 in infinitesimal 

amounts. The dye is oxidized because of this phenomenon. 

3. When electrons are injected, they are transported between TiO2 nanoparticles 

and the TCO, where they diffuse towards it. Finally, electrons flow through the 

external circuit to the CE. 

4. Reduction of I-
3 species to I- occur at the CE, as a result dye restoration of its 

ground state happens as it receives electrons from I- species (redox mediator), 

and I- species are oxidized to I-
3. 

5. The I-
3 species scatters to the CE and reduces to I- species. 
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Figure 7 Basic components DSSC namely the working electrodes, dye sensitizer, 

electrolyte, and the counter electrode [28]. 

2.2.3 Sensitized Dye Adsorbent 

The anode is made of TiO2 nanoparticles that are spread out in a thin layer on a 

transparent conductive glass electrode. These nanoparticles provide a large surface 

area for the dye molecules to attach, and thus provide an electron pathway for the 

generation of electric current. The purpose of these nanoparticles is to absorb the 

sensitizer on its surface. Figure 8 demonstrates the adsorption of dye sensitizer on the 

titania surface. 

 

Figure 8 Adsorption of chlorophyll dye sensitizer onto TiO2 (titania surface). 

2.2.4 Transparent and Conductive Substrate 

The deposition of the semiconductor and a catalyst occurs due to the conductive 

transparent materials for DSSCs, which act as current collectors (figure 7) [19]. These 

 

 

 

 

Chlorophyll dye  

TiO2  
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materials are characterized by transparency, efficient charge transfer and reduced 

energy loss [19]. The conductive substrates for DSSCs are normally the indium-doped 

tin oxide (ITO) and fluorine-doped tin oxide (FTO). Herein, FTO glass substrate was 

used for the TiO2-Graphene-Chlorophyll-TiO2 sandwich based DSSC. ITO glass 

substrate has a transmittance of > 80% with sheet resistance of 18 Ω/cm2, whereas 

FTO glass substrate has ~ 75% transmittance in the visible region and 8.5 Ω/cm2 sheet 

resistance [19]. 

2.2.5 The Working Electrode (WE) 

Working electrode is made up of a semiconductor (n-type) and metal or non-metal (p-

type) material on TCO glass substrate. TiO2 is commonly used as a semiconductor (n-

type) due to its non-toxicity, relative availability and easy access. However, TiO2 does 

not absorb visible light so it is sensitized with a dye molecule. In order to sensitized 

TiO2, the film is soaked in a photosensitizer which binds covalently to the TiO2 surface 

[19]. Large surface area and highly porous structure allows maximum absorption of 

the sensitizer onto the nanocrystalline TiO2 layer, and in turn enhances the light 

absorption capacity of the n-type semiconductor [19]. 

2.2.6 The Dye sensitizer 

Incident light is absorbed by the dye sensitizer in the DSSC. For a material to be used 

as a photosensitizer, it should possess the following photophysical and electrochemical 

properties, as outlined by Sharma et al. [19]: 

1. The dye ought to be luminescent. 

2. The dye should absorb both ultraviolet-visible and near-infrared light. 
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3. The dye HOMO energy level must be far from the conduction band of TiO2, 

and the LUMO energy level be near that of TiO2, but be higher in correlation 

to the conduction band potential of TiO2. 

4. HOMO energy level of the redox electrolyte should be higher than that of the 

dye. 

5. The dye should have a hydrophobic boundary to boost the stability of the cell, 

if not, water-induced distortion may occur from the TiO2 film thus reducing 

the stability of the cell. 

Dye sensitizers are grouped into two classes, namely inorganic dye (which includes 

metal complex) and organic dye (this includes natural and synthetic organic dye) [21]. 

a) Inorganic dye 

Ruthenium (Ru) complex dye is mostly used for DSSC studies. Though it produces 

high efficiencies it is very expensive and relatively challenging to synthesize [21]. Ru 

complexes are categorized as carboxylate polypyridyl Ru dyes, phosphonate Ru dye, 

and polynuclear bipyridyl Ru dyes [21]. These complexes are N3 dye, N719 dye, and 

N749 dye (black dye). The N3 dye absorbs up to 800 nm radiation, and the black dye 

up to 860 nm radiation [21]. Figure 9 below shows the chemical structure of Ru 

complexes. 
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Figure 9 Chemical structure of Ru complexes (a) N3 dye, (b) N719 dye, and (c) N749 

dye [21]. 

b) Organic dye 

DSSCs principles operate in similar manner as photosynthesis thus scientists initially 

considered natural dyes as photosensitizers [21]. Organic dye contains carboxyl, or 

hydroxyl groups which have the ability of chelating to Ti4+ species on the TiO2 surface 

[31]. This binding ability is demonstrated in figure 10 below. 

 

Figure 10 Cyanin-Ti4+ complex formed via the adsorption of organic cyanine dye 

solution onto the TiO2 surface [31]. 
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Most plants, and flowers have different pigments which are used as sensitizers, 

chlorophyll being one of them. Chlorophyll absorbs photons from solar radiation, and 

reflects green wavelength, thus the green color it possesses [31]. It has prominent 

absorption peaks at 420 nm and 600 nm wavelengths (visible light region) [8-10, 14]. 

Figure 11 shows the absorption spectrum of chlorophyll dye solution as reported by 

Alhamed and co-workers [31]. 

 

Figure 11 Absorption spectrum of Chlorophyll dye solution, shows strong absorption 

peaks at 405 nm and 627 nm wavelengths [31]. 

Chlorophyll absorbs visible light thus it is possible for it to be used in DSSCs as the 

main aim of DSSCs is to enhance the photocatalytic and photoluminescence of the 

titanium dioxide nanoparticles. 

2.2.7 Electrolyte 

Redox couple, solvent, additives, ionic liquids, and cations are the main constituents 

of an electrolyte [19]. An electrolyte can have one of the following species (redox 

coupling) namely I-/I-
3, Br-/Br-

2, SCN-/SCN2, and Co (II)/Co (III) [19]. 

Two strong absorption peaks 

at 405 nm (blue) and 627 nm 

(red) wavelengths. 
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An electrolyte should have the following features [19]: 

1. Effective regeneration of the oxidized dye by the redox coupling. 

2. Long-term chemical, thermal, and electrochemical stability. 

3. The dye must be non-corrosive with the components of DSSC. 

4. Must allow fast diffusion of charge carriers, enhance conductivity, and create 

efficient contact between the WE and CE. 

5. The electrolyte absorption spectra and the dye absorption spectra must not 

overlap. 

The most commonly used redox coupling, I-/I-
3, corrodes glass/TiO2/Pt, is highly 

volatile, and causes photodegradation and dye desorption, associated with reduced 

long-term stability [19]. Though there are many plausible substitutes for this redox 

coupling, they also face tremendous limitations compared to I-/I-
3 coupling. 

2.2.8 Counter Electrode (CE) 

In DSSCs counter electrode is mainly filled with platinum (Pt) or carbon (C). The 

reduction of I-/I-
3 species is initiated at the CE and thus collects holes from the hole 

transport materials (HTMs) [19]. Higher efficiencies are achieved with Pt-CE, but due 

to its higher cost and rarity, the search for its replacement were considered. These 

alternatives have been tested in several studies, though, lower efficiencies were 

reported for such alternatives [31]. 

2.3 Outlook on DSSCs studies 

This section discusses the studies reported for DSSCs using chlorophyll as a natural 

dye, and activated charcoal or any related carbonaceous material as counter electrodes. 

Arof and Ping [27] summarized the performance of some DSSCs using chlorophyll as 

a dye described by researchers globally (Table 1). These researches were done under 
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intensity of 100 mW cm-2 illumination of the chlorophyll photosensitized DSSCs 

unless specified otherwise. 

Table 1 Summarized performance of some DSSCs using chlorophyll photosensitizer 

as reported by Arof and Ping [27]. 

 



19 
 

 

 



20 
 

 

Carbon structure CE was proposed for quasi-solid-state DSSC using polyethylene 

oxide (PEO) based gel electrolyte Jeong et al. [27]. Jeong et al. [27] state that activated 

charcoal-doped MWCNT demonstrate good electrochemical characteristics of high 

conductivity, excellent electron transport, and facile redox reaction. In addition, this 

cell was concluded with 10.05 % efficiency showing possibility for large-scale 

production [27]. Figure 12 illustrates the photovoltaic performance of activated 

charcoal-doped MWCNT, figure 13 show activated charcoal-doped MWCNT hybrid 

sandwich structure. 

 

Figure 12 Comparison of photovoltaic performance of quasi-solid-state DSSCs based 

on PT and AC-doped MWCNT hybrid CE (figure insert shows the proposed AC-doped 

MWCNT DSSC) [27]. 
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Figure 13 Activated charcoal-doped Multi-Wall Carbon Nano Tube DSSC 

mechanism, producing electrons that flow through a load [27]. 

Fill factor of 24.9 %, 365 mV open circuit voltage, and 45 μA short-circuit current was 

reported for chlorophyll extracted from papaya and jatropha leaves [28]. However, 

electron collection efficiency of the cell was low and as such the photon conversion 

efficiency was also low [28]. 

In another research by Memon et al. [29] highly photocatalytic active and conductive 

cotton, polyester and linen fabric CE for DSSCs, printed with mesoporous activated 

charcoal intercalated acid modified carbon nanotubes (M-AC/CNT) were studied 

(figure 14). For high conductivity, electro-catalytic activity, and electro-catalyst, 

various concentrations of activated charcoal were added which improved the 

photocatalytic activity by 52 % [29]. Memon et al. [29] showed 6.26 % photovoltaic 

conversion efficiency for polyester fabric, 6.06 % cotton and 5.80 % for linen fabrics. 
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Figure 14 Fabric based DSSCs, display dye adsorbed on titania, electrolyte, activated 

charcoal composite, and fabric counter electrode [29]. 

Alhamed et al. [31] conclude that natural dyes demonstrate good photovoltaic 

performances compared to Ru dye N3 used for Grätzel cells. They reported an 

efficiency of 3.04 % for their cell [31]. Table 2 shows the findings of this study, 

however, only information on chlorophyll dye and the combination of dyes were 

extracted. 

Table 2 The open circuit voltage (Voc), short circuit current density Jsc, fill factor (FF), 

and efficiency (η) of the DSSC prepared with chlorophyll (natural) dye [31]. 

DSSC 

FTO/TiO2/Natural Dye/Electrolyte/Pt/FTO 

Voc 

(volts) 

Jsc 

(mA/cm2) 

FF % η % 

Chlorophyll 0.225 0.017 54.1 0.04 

Combination of dyes 0.420 0.600 60.2 3.04 
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When a dye has lowest band gap energy, electrons move very fast from the valence 

band to the conduction band as a result the cell requires small energy for recombination 

of electrons and this results in high FF [19,29,31]. 

In the study done by Wang and Kitao [32] efficiency of 2.8 % was reported for DSSCs 

made from commercially available natural chlorophyll related porphyrin and chlorine 

sensitizers. Chlorines are believed to have superior light harvesting capabilities than 

porphyrins thus proper for solar cell applications [32]. Chlorines were made from 

natural chlorophylls. Table 3 below summarizes the photovoltaic performance of 

DSSCs made from commercially available natural chlorophyll related porphyrin and 

chlorine sensitizers.  

Table 3 Photovoltaic performance of DSSCs using chlorophyll derivatives [32]. 

Dye sensitizer Jsc /mA·cm-2) Voc/ V FF % 

Chl-1 2.5 0.47 0.72 0.9 

Chl-1-Na 5.7 0.65 0.72 2.7 

Chl-2 4.9 0.61 0.69 2.1 

Chl-3-Na 1.4 0.50 0.73 0.5 

Jsc: Short circuit current; Voc: open-circuit voltage; FF: fill factor; η: solar energy-to-

electricity conversion efficiency. 

1.83 eV was reported for spinach chlorophyll extraction with distilled water, on the 

other hand, ethanol extraction was 1.88 eV [33]. Adding to that, highest fill factor was 

obtained for distilled water (0.49 %) and the lowest for ethanol (0.36 %) for the same 

study [33]. 

In the search for replacement of Pt CE for DSSC numerous studies were done to study 

the performance of these materials. Carbonaceous materials were extensively studied. 
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Metal-free DSSCs were effectively fabricated using an activated carbon filler. This 

structure showed good electrochemical features with high electronic conductivity [34]. 

Sun et al. [34] DSSC demonstrated an overall efficiency of 8.48 %. The structural 

distortion of activated carbon caused high catalytic activity of the cell and in turn can 

be viewed as a favorable material for effective energy storage [34]. 

2.4 Status of chlorophyll use as a dye in DSSCs 

Chlorophyll by nature converts sunlight to chemical energy in plants for the process 

of photosynthesis. DSSC converts sunlight into electricity in similar manner as 

chlorophyll. The structure of a dye must have carboxylic anchoring group which binds 

strongly to TiO2, thus ensuring efficient electron injection into the conduction band of 

TiO2 [35].  

Chlorophyll has available bonds between the dye and TiO2 molecules via which 

electrons can move from excited dye molecule to the semiconductor film [36]. 

However, the performance of chlorophyll is not the same with regards to its structure 

[35]. Chlorophyll-b displayed good performance compared to its counterpart 

chlorophyll-a. 

Adsorption of chlorophyll onto the photoanode is affected by the state of leaves be it 

in fresh or dry [37]. Research showed that fresh leaves performed better than dried 

leaves in terms of efficiency of DSSCs. It is further noted that the period of soaking, 

pH of the dye and temperature also influence its performance.  In addition, 0.290 % 

efficiency was obtained for chlorophyll extracted from spinach at 60 °C soaking for 

12 h [37].  

Danladi et al. [38] study displayed an efficiency of 0.040% for chlorophyll pigment 

extracted from scent leaves. They linked the poor performance of the chlorophyll 
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pigment to possible absence of anchoring carboxylic groups onto the TiO2, as well as 

steric hindrance which blocks the dye molecules from adequately attaching to the 

semiconductor film. 

Due to the possibility of not having anchoring carboxylic groups in chlorophyll, some 

researches opted for mixing two different dyes. For instance, mixing chlorophyll 

pigment with anthocyanin pigment. Shah et al. [39] demonstrated the possibility of 

mixing these pigments, they obtained a conversion efficiency of 0.81% which were 

extracted from black rice (anthocyanin) and fragrant screw pine (chlorophyll) using 

methanol as solvent. The better anchoring of anthocyanin to the semiconductor surface 

and better light absorption by chlorophyll can be attributed to this performance [39]. 

The poor performance of chlorophyll dye might not be attributed to absence of 

anchoring bond but rather weak interaction between the anchoring carboxylic group 

and TiO2 surface [40]. Furthermore, the extraction solvent could also hamper the 

performance of chlorophyll dye. 

2.5 Analytical methods, spin coating and software 

Normally inorganic compound investigation entails the absorption and re-emission of 

electromagnetic radiation [41]. This provides information on the energy levels of an 

inorganic compound and the absorption power can be used to give quantitative 

analytical information [41]. Hence, X-ray and ultraviolet (UV) radiation can be used 

to determine the electronic states of atoms and molecules, and infrared (IR) radiation 

can be used to study their vibrational modes. Spin coating, on the other hand, is a 

method which is used to coat thin films. Once fabrication process is done, the films 

are assembled as DSSCs and analysed. Sophisticated software, such as edaq Echem 

are used to plot an IV-curve. 
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2.5.1 Ultraviolet-visible (UV-vis) spectroscopy 

Shriver and Atkins [41] define ultraviolet-visible spectroscopy (UV-vis) as the 

observation of absorption of electromagnetic radiation in the UV and visible regions 

of the spectrum (electronic spectroscopy). Roberson et al. [42] classified UV-vis 

spectroscopy as a qualitative analysis method which can be used for identifying 

functional groups and structures of molecules that have unsaturated bonds. However, 

this method does not show molecular weight or tell the presence of saturated bonds in 

a molecule of interest [42].  

Molecular absorption spectroscopy operates on the principles of Beer’s law, which 

incorporates measurement of transmittance (T) or the absorbance (A) of solutions 

contained in transparent cells on a path length (b, cm) and the concentration of the 

absorbing material (c). Where ε is the molar absorptivity constant. Beer’s law is 

expressed as [43]:    A = εbc 

UV-vis detector has 4 chambers through which the detector analyses molecules, a) 

light source, b) wavelength selector, c) sample and d) light detector. Harris [44] 

summarizes the mechanism: the irradiance of the beam decreases when light is 

absorbed by a sample; light is filtered as single wavelength based on one colour; this 

light then hits the sample; finally, this absorption is read out by the detector. 

2.5.2 Infrared (IR) spectroscopy 

Vibrational spectroscopy is used to characterize compounds in terms of the strength, 

stiffness, and number bonds that are present [41]. In addition, it is also used to detect 

the presence of known compounds, monitor changes in the concentration of a species 

during a reaction, determine the components of an unknown compound, determine a 

likely structure for a compound, and to measure properties of bonds [41]. Also, 
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infrared spectroscopy can give data on functional groups that are found in the sample 

[42]. The fingerprint technique makes it a useful qualitative method, and is often used 

as a quantitative method [42]. 

Vibrational spectroscopy observations are made on the degrees of vibrational freedom. 

The movement of molecules with 3n degrees of freedom can be described in terms of 

translational, vibrational and rotational motions of the molecule [44]. 

2.5.3 Spin coating 

Spin coating is technique used for deposition of a fluid onto a substrate. It uses 

centrifugal force to evenly coat the substrate forming a thin film on the surface. Spin 

coating is achieved through dropping of liquid onto substrate surface, followed by a 

high-speed spin to the substrate to obtain a uniform thin film. Moreover, dynamic and 

static dispense methods are mostly used in spin coating. Dynamic dispense spin 

coating method involves the coating of substrate at two different revolutions per 

second (rpm), 500 rpm and 3000 rpm as in this study. Static spin coating, conversely, 

is done in one revolution step. In this technique (spin coating), speed of spin coating 

plays a key role. 

2.5.4 Echem (edaq) software 

Echem software is used for the collection, display and analysis of data from 

electroanalytical voltammetric as well as amperometric electrochemical experiments 

coupled to a potentiostat [45]. Moreover, it uses the e-corder hardware as the digital 

waveform generator, and data acquisition system [45]. 

 

2.6 Degussa Powder (P25) 
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Degussa P25, TiO2 powder is a standard material for photocatalytic reactions studies. 

It contains anatase and rutile [46]. Its electronic structure, light absorption properties, 

and charge transport features makes it possible to be used in photocatalysis [47]. Due 

to the large surface area (49 m2g-1) of P25 powder, P25 powder is used in 

photocatalytic reactions. The transfer of photoexcited electrons and positive holes 

between anatase and rutile particle connection is believed to boost the charge 

separation and thus enhance the efficiency of electron-hole pair usage [48]. 

Transmission electron microscopic (TEM) images and diffuse reflectance spectra of 

Degussa showed transformation of anatase surface crystals to that of rutile structure as 

cited by Thiruvenkatachari [47] from Bickley et al. [48] works. In another study, again 

as cited by Thiruvenkatachari [47] TEM analysis showed single crystalline structures 

separately for anatase and rutile in Degussa.  

Commercially available anatase has size <50 nm with 3.2 eV band gap energy, this 

corresponds to 385 nm wavelength [49]. Rutile, on the other hand, has >200 nm size 

with 3.0 eV which relates to 410 nm wavelength [46]. Like any other semiconductors, 

the P25 powder operates on the principle mechanism of a semiconductor for 

photocatalytic reactions. Upon charging of light with the same amount of energy or 

larger than that of the Eg, electrons are promoted from the valence band to the 

conduction band. Positive holes are created in the valence band and electrons in the 

conduction band. 

TiO2 does not absorb visible light. As a result, TiO2 is doped with a dye which absorbs 

visible light for photoactivation [49]. It is believed that TiO2 uses only 5 % of the 

incident solar irradiation for photocatalytic reaction, thus limiting its everyday use.  

CHAPTER 3: RESEARCH METHODS 



29 
 

3.1 Research Design 

Figure 15 illustrates the research design for this study. Precursor solution was used to 

fabricate (create) titania precursor solution (Stitania) thin film, which was used as a 

block layer for the titania paste and the CARBO-chac counter electrode (CE). The thin 

film with the titania paste was immersed in chlorophyll dye extracted from a local plant 

leaf (mopane leaves), using methanol as the solvent extraction, and assembled in the 

DSSC.  

 

Figure 15 Scheme for the assembled DSSC research design. 

 

3.2 Procedures 
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3.2.1 Cleaning of FTO glass substrate and determination of the conductive side 

of FTO glass substrate after cleaning 

The FTO glass substrates were soaked in ethanol for 2 minutes, and washed with 

acetone. The glass substrates were then rinsed with deionized water. Thereafter, it was 

dried in air for 10 minutes. 

After cleaning FTO glass substrate, the conductive side of the glass substrate was 

determined using a multimeter. The meter was set to measure Ohms and both leads 

were put on one side of the slide, resistance measured was near zero, that was the 

conductive side.  

The spin coating of precursor solution, the spreading of titania paste, and spreading of 

CARBO-chac paste onto the FTO glass substrate, must be done on the conductive side 

of the FTO glass substrate. That is the reason for the determination of conductive side 

of the FTO glass substrate after cleaning.  

3.2.2 Preparation of Titania precursor (Stitania) solution and spin coating of Stitania 

onto FTO glass substrate. 

Molecular Precursor Method (MPM) [17] was used to prepare the Stitania solution. 

10.00g Ethanol was added to 10.00g Methanol. To the mixture, 3.65g 

ethylenediaminetetraacetic acid (EDTA), followed by 3.55g dibutylamine was added. 

After refluxing for 2 hours, the solution was cooled to room temperature. After the 

solution cooled to room temperature, 3.55g titanium tetraisopropoxide was added to 

the solution and refluxed for 4 hours and 30 minutes. The solution was then cooled to 

room temperature, to this solution, after it has cooled to room temperature, 1.56g 

hydrogen peroxide was added and again the solution was refluxed for half an hour (i.e. 
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30 minutes). After 30 minutes the solution was cooled to room temperature. Scheme 1 

below outlines the procedures for preparing Stitania solution. 

 

Scheme 1 Preparation of Stitania solution. 

After successful preparation of Stitania solution, it was then used to prepare the Stitania 

thin film. The FTO glass substrate was cleaned and the conductive side determined as 

outlined under section 3.2.1. Thereafter, the precursor solution, was spin coated on the 

conductive side of the FTO glass substrate as indicated in scheme 2. Spin coating is 

method of fabricating thin films which is used to deposit ultra-thin films on substrates. 

This is done by allowing enough precursor solution to spread evenly on the glass 

substrate. Next, this thin film was heated at 600 °C for 30 min. Heat treatment was 

done to eliminate any organic ligands from the resultant precursor thin film. The 

resultant thin film was preserved for the use as a blocking layer. 

 

Scheme 2 Spin coating Stitania solution on FTO glass substrate. 

 

EtOH (10.0 g) + 
MeOH (10.0g)

H4EDTA 
(3.65g)

Bu2NH (3.55g)
Ti(OiPr)4  

(3.55g)

H2O2 (1.56g) STi (0.4 mmol·g-1)

 

 

 Add a drop of precursor 

solution onto FTO glass 

 

Stitania thin film Spin coating 
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3.2.3 Doctor blade method 

Doctor blade method is a coating technique, applied to coat the TCO glass, with paste, 

for photo anode and counter electrode. In this study coating was done by this method 

(figure 16). Before coating, the FTO glass substrate was tape casted on the lab bench, 

maintaining an area of 78.3 mm2. The paste waste kept at an edge of the FTO glass 

substrate for filling. For uniform coating, the glass rod was swept in a rapid motion 

towards the bottom of the FTO glass substrate, and then again in the reverse direction. 

Without lifting the glass rod same movement was applied 2-3 times. After coating the 

paste, tapes were removed carefully, without ruining the paste layer. 

 

Figure 16 Step by step Doctor blade method for coating TCO glass substrate using 

paste, adapted from Raihana’s study [50]. 

3.2.4 Preparation of CARBO-chac paste 

Raihana’s [50] method was used to prepare graphene paste. 5.00g CARBO-chac was 

placed in a beaker. Ethanol, ethylene glycol and water were added dropwise to 

CARBO-chac until a smooth paste was obtained. 

3.2.5 Fabricating TiO2-CARBO-chac structure 

FTO glass substrate was cleaned and the conductive side determined as outlined under 

section 3.2.1. On the fabricated Stitania thin film (used as a blocking layer), CARBO-
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chac paste was coated using Doctor blade method (section 3.2.3). Thereafter, CARBO-

chac paste FTO glass substrate was heat treated at 50 °C for 5 minutes.  

3.2.6 Preparation of Titania paste 

Raihana’s [50] method was used to prepare Titania paste. 2.50g Degussa powder was 

placed in a beaker, and few drops of acetic acid was added dropwise until a smooth 

paste was obtained. 

3.2.7 Preparation of Chlorophyll dye 

The Chlorophyll was extracted from the Colophospermum Mopane leaves (Mopane 

leaves) to prepare Chrolophyll dye as outlined by Kalipi [51] in her research. Dry 

Mopane leaves were obtained from Northern Namibia (Omusati Region). These leaves 

were crushed to a fine powder, 20g of powdered dry leaves were placed in a beaker, 

and 200ml Methanol was then added. The mixture was filtered and stored for analysis, 

and use in fabricating TiO2-Chlorophyll film.  

3.2.8 Fabricating TiO2-Chlorophyll sandwich structure 

FTO glass substrate was cleaned and the conductive side determined as outlined under 

section 3.2.1. On the conductive side of the glass substrate (fixed with scotch tape), 

adopting doctor blade method (section 3.2.3), titania paste was coated on the surface 

of the Stitania FTO glass substrate (conductive side). The glass with the paste was then 

dried in air, at room temperature, over 4 hours and then heated at about 420 °C, to 

remove any inorganic residue, for another 20 minutes. After 20 minutes elapsed, it was 

cooled to room temperature. The glass with the titania paste was put in a petri dish.  

Next, chlorophyll dye was then added dropwise (slowly) onto the surface of the paste 

using a pipette until it was completely covered with the dye. After 20 minutes, the 
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glass substrate was removed from the petri dish, and the sides of the glass with no 

paste were rinsed with ethanol to remove any residual dye on the glass substrate.  

3.2.9 Preparation of the Iodide electrolyte 

The triiodide electrolyte was prepared by using Raihana’s [50] method. Iodide crystals 

(0.254 g) were dissolved in 20 ml ethylene glycol (EG). Potassium iodide (0.8213 g) 

was added and the solution was then stirred till it dissolved. This solution was then 

stored as KI/I2 electrolyte solution in a brown stock bottle for use at a later stage. The 

KI/I2 electrolyte solution is sensitive to light and thus need to be stored in a container 

where it does not react with light, in this case the brown stock bottle was used.  

3.2.10 Assembling TiO2-CARBO-chac-TiO2-Chlorophyll sandwich based DSSC 

The two fabricated (constructed) films, TiO2-CARBO-chac structure and TiO2-

Chlorophyll structure, were assembled together in a sandwich form. TiO2-CARBO-

chac structure was placed on top of the TiO2-Chlorophyll structure. Plastic was used 

to seal the assembled sandwich based DSSC with a clear adhesive. A small hole was 

left in the plastic sealing for injection of electrolyte solution. After the complete 

assembly of the cell, it was then inspected for any defects. After inspection, few drops 

of KI/I2 electrolyte solution was injected into the cell. Finally, the photo-voltage of the 

assembled TiO2-CARBO-chac-TiO2-Chlorophyll sandwich based DSSC was 

measured.  

Since measurements were taken outdoor, solar radiation that is received by Namibia 

was used, which is ~5.8 – 6.4 kWh/m2, assembled solar cell was exposed to sun for 30 

minutes. 

Following test conditions were applied: ~0.58 mW/cm2 solar radiation, 7.83 cm2 cell 

area, 1 sun = 1.5 AM air mass, ~30 °C surrounding temperature, 0 m/s wind speed (no 



35 
 

wind blew), with clear sky. The assembled cell was place at 45° angle facing the sun 

when measurements were taken. 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 4: RESULTS AND DISCUSSION 

4.1 The fabricated Stitania thin film 

Transparent Stitania thin film was obtained after it was annealed at 600 °C, remove any 

organic ligands for 30 min.  This thin film was later used as photoanode (blocking 
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layer), and counter electrode (also blocking layer). Figure 17 b below shows the 

fabricated Stitania thin film. 

 

Figure 17 a) Titania precursor solution (Stitania), and b) fabricated Stitania thin film. 

4.2. The absorption spectrum of the fabricated TiO2 on FTO 

TiO2 prepared by MPM on FTO conductive glass substrate absorb visible light, so that 

photo absorptions from solar energy may became more effective and can achieve 

higher efficiency. In figure 18, the peak at 400 nm wavelength shows the absorption 

of visible light by titania on FTO glass substrate. 
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Figure 18 Absorption spectrum of TiO2 on FTO conductive substrate (glass), which 

shows an adsorption peak at 400 nm wavelength, adapted from Daniel [18]. 

4.3 Titanium dioxide (P25, Degussa) paste fabricated thin film 

The fabricated Stitania thin film was later used to prepare the titanium dioxide thin film 

which was constructed using Degussa paste (figure 19). Using doctor-blade method, 

Degussa paste was deposited onto the fabricated Stitania thin film. Next, the substrate 

was dried in air for 4 hours. When the layer is too thin, cracks would form thus the 

paste should be slightly thick. However, cracks also sometimes show complete drying 

of a substance. This can be attested by figure 19 as the paste was completely dried after 

the 4 hours elapsed. Again, heat treatment was done, this time, to successfully deposit 

the paste onto the precursor thin film after the 4 hours of air drying. A white paste was 

obtained after the heat treatment. Thickness of this paste layer can be referenced to the 

scotch tape that was fixed on the glass substrate when coating was done. This titanium 

dioxide paste film was used as a photoanode in the assembly of the DSSC. 

 

Figure 19 Fabricated Titanium dioxide paste FTO glass substrate after air drying. 

4.4 Fabricated CARBO-chac paste thin film 
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The fabricated CARBO-chac paste layer thickness can also be referenced to the 

thickness of the scotch tape that was fixed on the FTO glass substrate when CARBO-

chac paste coating was done. After successful mass deposition, the paste bonded to the 

surface of the FTO glass substrate, by heat treatment, CARBO-chac paste FTO glass 

substrate (figure 20) was used as the CE in the DSSC assembly. 

 

Figure 20 Fabricated CARBO-chac paste FTO glass substrate (done at 50 °C heat 

treatment). 

4.5 Chlorophyll dye extracted from Colophospermum Mopane leaves 

Chlorophyll dye was successfully extracted from Colophospermum Mopane (mopane) 

leaves. The solvent of extraction that demonstrated good extraction of chlorophyll was 

methanol. Other solvents showed poor extraction of the chlorophyll from the mopane 

leaves. Chlorophyll is pigment that absorb green wavelength hence its green color. The 

extracted chlorophyll via methanol solvent displayed a dark green color compared to 

ethanol (pale green) and hexane (no color change). Figure 21 b shows the extracted 

chlorophyll dye via methanol solvent. 
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Figure 21 a) Mopane plant leaves b) Chlorophyll dye extracted in methanol solvent 

from the mopane plant leaves. 

 

 

 

 

 

 

4.6 Infrared and absorption spectrum for the extracted Chlorophyll dye 

4.6.1 Infrared spectrum of the extracted Chlorophyll dye 
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Figure 22 Infrared spectrum of the Chlorophyll dye extracted from Mopane dye, 

adapted from Kalipi’s study [51]. 

The OH stretch can be observed at 3356 cm-1, carbonyl stretch at 1734 cm-1, the 

aromatic stretch at 1453 cm-1, methyl (CH3) and CH2 stretch at 2923 cm-1, and 2864 

cm-1 respectively. In addition, amine stretch can also be observed at 1009 cm-1, CN 

stretch at 1373 cm-1. A band in the double bond region, at 1615 cm-1, as a result of 

C=C vibrations can be observed. These observations are correlating to the structure of 

chlorophyll and comparable with the data from available literature, thus can be 

conferred that the extracted dye is indeed chlorophyll. 

 

 

 

 

4.6.2 Absorption spectrum of the extracted Chlorophyll dye 

4000 4003500 3000 2500 2000 1500 1000 500

100.1

95.1

95.5

96.0

96.5

97.0

97.5

98.0

98.5

99.0

99.5

cm-1

%
T

1033.07cm-1, 95.17%T

2923.19cm-1, 97.04%T

3680.8

3355.7

2864

1734.1

1615.2

1452.6

1373.3

1258.4

1056.2 1008.6

O–H 

C–H3 

C꞊O 

C꞊C 

Aromatic 

C–N 

C–O 

Amines 

C–H2 



41 
 

 

Figure 23 UV-vis absorption spectrum of Chlorophyll dye sensitizers, adapted from 

Kalipi’s research [51]. 

Two prominent absorption peaks can be noted at the 480 nm and 675 nm wavelengths. 

From literature, chlorophyll absorb visible light in the range of 420 nm and 600 nm 

wavelength [8-10, 14]. Data obtained is consistent with literature. Hence, the data 

confirms that the chlorophyll extracted from mopane leaves is indeed chlorophyll and 

does absorb visible light. 

4.7 Preparation of the Photoanode 

The fabricated titanium dioxide paste layer (figure 19) was later soaked chlorophyll 

dye extract for 20 minutes. Making the soaking process for longer period of time can 

give dye molecules ample time to adequately attach or bind to the surface of the 

nanoporous titanium dioxide layer (figure 24). This nanoporous layer is simply used 

as a binding side for the extracted chlorophyll dye molecule. Instead of dropping the 

thin films face down, the dye was added dropwise onto the nanoporous titanium 

dioxide. This method allows sufficient adsorption of dye molecules onto the 

nanoporous titanium dioxide surface compared to the conventional face down dip. 
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Figure 24 shows titanium dioxide thin films soaked in the chlorophyll dye. The green 

striking color can be clearly seen in figure 24, thus we can conclude that the dye extract 

is indeed chlorophyll. 

Figure 24 Titanium dioxide thin film soaked in chlorophyll dye extract (face up). 

After the soaking period was over, the white nanoporous titanium dioxide thin film 

displayed a green color (figure 25). This change in color is due to the adsorption of the 

chlorophyll dye molecules on its surface. The resultant thin film was used as the 

photoanode for the cell. 

 

Figure 25 Chlorophyll dye sensitized titanium dioxide thin film. 

 

 

 

The striking green color of 

the chlorophyll dye extract. 

The fabricated thin 

film faces up during 

the soaking period. 
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4.8 Assembly of the DSSC 

After all the components of the DSSC were ready, the cell was assembled together. 

The active side of the fabricated photoanode and fabricated counter electrode were 

facing each other. Meaning, the fabricated titanium dioxide thin film and CARBO-

chac fabricated thin films face each other. A space was left to accommodate the 

electrolyte. The DSSC design was 2.7 × 2.9 cm2 (figure 26). 

Electrodes can be squeezed together, and the electrolyte introduce into the cell via 

capillary effect. On the other hand, the electrodes can be wrapped and electrolyte 

injected into the cell via the holes made through the cathode. 

The squeezing method is formally known as the open cell because the internal area of 

the solar cell is uncovered or rather in air. Nevertheless, the electrolyte would not be 

kept in the cell and later the cell will dry. This method only applies to practical 

applications and as a result of sealing method it faces a stability problem. 

The second method contrary to the first approach is the best choice as it is highly stable. 

The electrodes are joined together with a spacer so that the electrolyte is confined in 

the void. Though this is time consuming, it enables the DSSC to work for longer period 

of time. 

Since this study is research based, and would like to have results which could benefit 

the research community, the second approach seemed to fit this study. In other words, 

the second method (spacing) was used to assemble the DSSC. 

In the space between the two electrodes, the electrolyte was injected into the DSSC 

via the hole that was left in the sealant. Once assembled the cell was put to test. 
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A multimeter was connected, negative terminal to the photoanode (titania electrode) 

and positive terminal the counter electrode. The open circuit voltage and short circuit 

current of the solar cell were measured under full sun illumination. 

Smaller notch of microamps and millivolts were observed. The resistance of the cell 

was also found to be low. The current and voltage values for the cell were 170.8 µA 

and 510 mV respectively. The resistance, on the other hand for the assembled DSSC 

was 0.931 Ω. When the cell was covered with A4 hard cover notebook (an opaque 

object), no sunlight or rather sunrays reached the cell, the values dropped significantly. 

This means that the cell possibly performs best under direct sunlight. 

After a week of assembly, photovoltaic measurements were again taken in order to 

determine the stability of the dye as well the electrolyte. It was found that similar 

readings were obtained for the cell. 

The assembled cell was also tested with a solar motor. However, this cell did not power 

the motor possibly due to its size and exposed surface area which is 7.83 cm2, 

considered very small. 

 

Figure 26 a) side view, b) and top view of the assembled Dye Sensitized Solar Cell 

using FTO-TiO2-CARBO-chac-Chlorophyll-TiO2-FTO Sandwich Structure. 

                                        

a) b) 
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4.9 The photovoltaic performance (photo-electrical conversion efficiency) of the 

assembled cell 

The photovoltaic performance of this assembled DSSC was measured using a multi-

meter under direct sunlight illumination. An external current flow when sunlight shine 

on the anode side of the cell. For complete darkness, the cell was placed in sealed back. 

This was to test whether the cell can operate under no light. 

Furthermore, the assembled cell was then connected to the Potentiostat 466. The 

machine automatically plots the IV-curve, figure 27, for the assembled cell using 

Echem software.  

Test conditions: ~0.58 mW/cm2 solar radiation, 7.83 cm2 cell area, 1 sun = 1.5 AM 

air mass, ~30 °C surrounding temperature, 0 m/s wind speed (no wind blew), with 

clear sky. The assembled cell was place at 45° angle facing the sun when 

measurements were taken. 
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Figure 27 IV curve for the assembled Dye Sensitized Solar Cell, TiO2-CARBO-chac-

Chlorophyll-TiO2 Sandwich Structure. 
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It can be noted from the IV-curve, figure 27, that the best operation of the cell is under 

illumination (light). Under no illumination, the IV-curve shows a zero potential. This 

implies that the cell does not produce power when it is completely dark (no light). 

Fill factor was obtained by dividing area A with area B (figure 28), the efficiency of 

the assembled cell was obtained as follows: 

𝑭𝑭 =
𝑰𝒎𝒑𝑽𝒎𝒑

𝑰𝒔𝒄𝑽𝒐𝒄
=

𝑨𝒓𝒆𝒂 𝑨

𝑨𝒓𝒆𝒂 𝑩
=

𝟏𝟎𝟗 𝒎𝑽 × 𝟏𝟎𝟎. 𝟎 𝝁𝑨

𝟏𝟕𝟒 𝒎𝑽 × 𝟏𝟖𝟕. 𝟎 𝝁𝑨
= 𝟎. 𝟑𝟑𝟓 = 𝟑𝟑. 𝟓 % 

 

𝜼 =
𝑭𝑭 × 𝑰𝒔𝒄 × 𝑽𝒐𝒄

𝑷𝒔𝒐𝒍𝒂𝒓
× 𝟏𝟎𝟎% =

𝟎. 𝟑𝟑𝟓 × 𝟏𝟕𝟎. 𝟖 𝛍𝐀 × 𝟐𝟖𝟕. 𝟏 𝐦𝐕

𝟒. 𝟓 𝒎𝑾
× 𝟏𝟎𝟎 % = 𝟎. 𝟑𝟕 % 

Psolar was obtained by multiplying the solar radiation with the area of the assembled DSSC. 

 

Figure 28 IV curve for the assembled DSSC, used for fill factor calculation. 

Table 4 The photovoltaic parameters of the assembled DSSC.  

Assembled DSSC Voc (mV) Isc (µA) Jsc (mA/cm2) FF η % 

Chlorophyll-Charcoal 287.1 170.8 0.022 0.335 0.37 

Voc: open-circuit voltage; Isc: Short circuit current; Jsc: Short circuit current density; 

FF: fill factor; η: solar energy-to-electricity conversion efficiency. 

The assembled Chlorophyll-CARBO-chac DSSC efficiency obtained is consistent 

with the study done by Alhamed et al. [31], which obtained an efficiency of 0.04 %, 
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and another study done by Danladi et al. [38], which also reported an efficiency 0.04 

% for chlorophyll dye, using a Pt counter electrode instead. Moreover, the efficiency 

obtained for the current study, Chlorophyll-CARBO-chac DSSC, is slightly greater 

than the efficiency (0.29 %) reported for chlorophyll dye by Arof and Ping [37]. 

However, the efficiency for the current study is less than the efficiency obtained for 

the study done by Jeong et al. [27], which was 10.05 %. 

4.10 The new model (TiO2-CARBO-chac-Chlorophyll-TiO2 Sandwich Structure) 

4.10.1 FTO-Titania coupling 

Mesoporous photoanode cannot uniformly cover the surface of the entire Fluorine-

doped tin oxide (FTO) glass thus in DSSCs the electrolyte makes contact with the FTO 

glass. Further, at this point which is the FTO-electrolyte boundary, charge 

recombination limits electron collection and in turn affects photo conversion efficiency 

(PCE). Alteration of this boundary enhances the performance of DSSCs by overturning 

the recombination of electrons from the FTO to the electrolyte. This can be achieved 

by adding compact metal oxide blocking layer onto FTO that would limit the back-

electron transport from the FTO to the electrolyte. For the purpose of this study Titania 

was spin coated onto the FTO glass which was used as a blocking layer for both CE 

and photoanode. Figure 29 show the assembled DSSC for the current study. 
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Figure 29 a) top view, b) and schematic diagram of the assembled Dye Sensitized 

Solar Cell using TiO2-CARBO-chac-Chlorophyll-TiO2 Sandwich Structure. 

4.10.2 The mechanism of photo-electric conversion of the chlorophyll-sensitized 

DSSC  

Upon illumination on the cell, the molecules of the chlorophyll Dye (D) will be excited 

(D*) after absorbing photon (hv) [eq 1]. 

hv + D → D* eq 1 

The excited chlorophyll molecules (D*) will inject electrons into the TiO2 

semiconductor conduction band and the excited dye will then be oxidized or ionized 

(D+) [eq 2]. 

D* + TiO2 → D+ + e-
cb (TiO2) eq 2 

The oxidized chlorophyll dye molecules (D+) will accept electrons from an iodide ion 

(I-) in the electrolyte when the I- ions are released to the oxidized molecules and in 

turn oxidized to triiodide ions (I3
-) [eq 3]. 

 

 

 

     

 

FTO (anode) 

TITANIA (blocking layer) 

FTO (cathode) 

GRAPHENE (CARBO-chac) 

TITANIA (blocking layer) 

TiO2 Chlorophyll dye 

Electrolyte solution 

a) b) 
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2D + 3I- → I3
- + 2D eq 3 

The electron in the TiO2 conduction band flows out of the device through the load to 

reach the counter electrode and reduce the triiodide ion [eq 4]. 

I3
- + 2e- → 3I- eq 4 

The iodide ion will be restored, the electron circuit will be completed, and the whole 

system is back to its original state to start a new cycle. These processes will continue 

as long as the cell receives light and a resulting current will be produced in the external 

circuit continuously. When light shines on the cell, the voltage observed is given by 

the energy difference between the photoanode’s Fermi level and the electrolyte’s redox 

potential. 
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CHAPTER 5: CONCLUSION 

In this study thin films were fabricated (constructed) using Molecular Precursor 

Method (MPM) to assemble the Dye Sensitized Solar Cells using TiO2-CARBO-chac-

Chlorophyll-TiO2 Sandwich Structure. Chlorophyll dye was successfully extracted 

from the Colophospermum Mopane (mopane) leaves, which was confirmed by the 

infrared spectrum and UV-vis absorption spectra.  

An external flow of current occurred when light shine on the anode. The photovoltaic 

performance of this assembled DSSC was then measured using a multi-meter under 

direct sunlight illumination. Furthermore, the assembled cell efficiency was 

determined by plotting an IV-curve. The current and voltage values for the cell were 

157.4 µA and 510 mV respectively. Open circuit voltage, 287.1 mV; short circuit 

current 170.8 µA; fill factor 0.335 with an efficiency of 0.37 % was obtained. 

This study brings hope to those local towns where the Colophospermum Mopane 

plants grow. The leaves normally scatter all over the town causes littering in that 

specific area. Instead, the leaves could be collected for chlorophyll harvesting. This 

could help ease the problem of littering in that specific town area. In addition, this 

could also mean planting more Colophospermum Mopane trees at an assembly plant 

or station where this cell could be fabricated and assembled. Meanwhile, another 

possibility of reducing global warming. Not only does this study bring hope to local 

towns but also to the entire Namibian nation as well. 

Based on the results that were obtained, the coupling of CARBO-chac can enhance the 

photocatalytic and photoluminescence properties of titania. In addition, there is a great 

potential in incorporating activated charcoal (graphene) for the use of counter 

electrode for Dye Sensitized Solar Cells. 
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Recommendations: 

In the future, the shape and morphology of the cell should be studied. The internal 

structure cell should also be measured with appropriate instruments, to check the 

thickness and 3D structure of the assembled cell. Squeezing method of assembly can 

also be done to check whether the cell can still produce good results. 
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