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ABSTRACT 

Dye-sensitized solar cells (DSSCs) have emerged as a promising alternative to traditional 

silicon-based solar cells due to their low cost, easy fabrication, and high efficiency in converting 

sunlight into electricity. However, the performance of (DSSCs) is limited by the charge transfer 

and recombination processes at the interfaces between the different components of the device. In 

the recent years, Graphene Oxide (GO) and reduced Graphene Oxide (rGO) have been proposed 

as potential interfacial components to improve the performance of DSSCs. This research looked 

at the performance of reduced graphene oxide in dye-sensitized solar cells for sustained power 

generation. Most dye-sensitized solar cells have benefited from the usage of reduced graphene 

oxide. This research focuses on the performance of reduced graphene oxide in dye-sensitized 

solar cells for sustained power generation. Most dye-sensitized solar cells have benefited from 

the usage of reduced graphene oxide. This is due to its characteristics such as high surface area, 

superior transparency in the visible region, light absorption, and charge transport. Aerosol 

Assisted Chemica1 Vapour-Deposition (AACVD) was used to create a fluorine doped tin oxide 

(FTO) layer. The Hummer's Method was applied to synthesize reduced graphene oxide (rGO). 

Titanium (IV) oxide – reduced graphene oxide (TiO2-rGO) composite was synthesized at the 

photoanode via screen printing and spin coating, then inserted in DSSC using roselle dye as a 

natural dye sensitizer to investigate the cell performance. X-ray diffraction (XRD), ultraviolet 

diffuse reflectance spectroscopy, scanning electron microscopy/energy dispersive X – ray 

(SEM/EDX), and profilometry were used to characterize the synthesized/fabricated samples. 

Using a solar simulator and air mass A.M. 1.5 (100 mw/cm2), current-voltage (I-V) 

measurements were obtained to determine the performance of the cells. Tin oxide thin films 

doped with fluorine (F:SnO2) were successfully deposited on a glass substrate using the AACVD 

process at various doping percentages and the optical properties of the FTO and substrate layers 

were investigated using absorbance spectra. A low absorption value of 12% F: SnO2 resulted in a 

higher transmittance of 90% were achieved. This shows that the optical and electrical properties 

of the DSSC were altered by fluorine doped tin oxide. The results of the developed spin coated 

TiO –rGO Nano composites revealed that the Hall Effect increases with thin-film thickness 
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while mobility increases with carrier concentration. The optical absorption results of TiO2–rGO 

nanocomposites demonstrate that as dopant amount increases, the band gap energy falls from 3.6 

eV to 1.4 eV. The findings indicate that there is a strong interaction between Titanium dioxide 

(TiO2) and reduced Graphene Oxide (rGO), which could result in better visible light absorption 

and consequently improve light harvesting efficiency when utilized in a dye sensitized solar cell. 

Open circuit voltage (0.53 V), short circuit photocurrent (0.12 mA/cm2), fill factor (0.02), and 

photoelectric conversion efficiency (11.52%) were the simulation results for the cell parameters 

obtained for the DSSC manufactured using reduced graphene oxide. Meanwhile, the open circuit 

voltage (0.56 V), short circuit photocurrent (0.63 mA/cm2), fill factor (0.03), and photoelectric 

conversion efficiency (4.70%) of the DSSC without reduced graphene oxide were obtained. The 

power conversion efficiency of the dye-sensitized solar cell with graphene oxide was 6.82 % 

greater than that of the cell without graphene oxide.  A four-week stability test was also 

performed on the DSSC fabricated with reduced graphene oxide to measure the extent of 

electrolyte deterioration. After the first 24 days, the short circuit current value reduced by 39% 

from its original value of 0.1190 mA/cm2. Under white light irradiation, the efficiency value of 

the DSSCs was found to be stable for the first 12 days before gradually decreasing to 24% of its 

initial value. The improved performance of DSSCs with reduced graphene oxide may be 

ascribed to an increase in electron transport efficiency and visible light absorption. When 

reduced graphene oxide was used, the performance improved due to increased light absorption, a 

wider range of absorption wavelengths, faster electron transport, and suppression of charge 

recombination. Based on this research, comparing the absorbance and transmittance of fluorine-

doped tin oxide (F: SnO2) at 4%, 8%, and 12% with regard to wavelengths (ℷ) at 230 nm and 

1100 nm; It shows that at 12% (F: SnO2), the lowest absorbance yields better transmittance, and 

increasing the cell's efficiency by 11.52%.  The power conversion efficiency (PCE) of DSSCs 

demonstrates that DSSCs fabricated with reduced graphene oxide improved cell performance 

and outdoor stability.  Which confirm that the TiO2 - rGO is a good material for solar 

application. 
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CHAPTER ONE:  INTRODUCTION 

I acknowledged that the literatures in this chapter were adapted from [1] Synthesis of improved 

dye-sensitized solar cell for renewable energy power generation. Solar Energy, 206, 918–934. 

 

1.1 Research Background and Motivation  

Solar energy has added great importance in the world today due to the goa1 for environmenta1 

sustainability and the need for a more sustainable type of energy, viewing it a vibrant topic for 

today's scholars [2, 3, 4]. Solar cell and photovoltaic array manufacturers have developed 

dramatica1ly over the last two decades as a result of the continua1 increase in demand for energy 

from sustainable sources. The Gratzel group started the renaissance in DSSCs in the early 1990’s 

and conducted the bulk of the work on understanding the fundamental principles of DSSCs and 

applications. This group still holds the record for the DSSC with highest efficiency [1, 4a]. 

Photovoltaics can also be traced back to A1bert Einstein's theoretica1 explanation of the 

"photovoltaic effect" in 1904 [5]. He offered a modest depiction of "light quanta" (later-ca1led 

"photons"), “which is the basis for a1l photovoltaic devices and common semiconductors” [6] for 

which he received the Nobel Prize in 1921.  

Figure 1.1 displays four major categories often referred to-as generation, which represent the 

various “solar cells that have been invented and advanced over time” [5].  

Dye-sensitized solar cells (DSSCs) have emerged as a promising alternative to traditional 

silicon-based solar cells due to their low cost, easy fabrication, and high efficiency in converting 

sunlight into electricity [7]. However, the performance of DSSCs is limited by the charge 

transfer and recombination processes at the interfaces between the different materials in the 

device. In recent years, reduced graphene oxide (rGO) has been proposed as a potential 

interfacial material to improve the performance of DSSCs [7]. 

Graphene or its derivatives, a single layer of carbon atoms arranged in a hexagonal lattice, has 

been hailed as a wonder material with immense potential in various fields [8]. However, the 

difficulty in extracting single layer graphene has led researchers to explore alternative materials 

that possess similar properties [8]. 
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Graphene oxide (GO) and reduced graphene oxide (rGO) have emerged as the next best 

alternatives to single layer graphene. GO is produced by oxidizing graphene, resulting in the 

introduction of oxygen-containing functional groups. This makes it easier to disperse in solvents 

and allows for easy processing. However, the presence of these functional groups reduces its 

electrical conductivity [8]. 

On the other hand, rGO is produced by reducing GO, resulting in the removal of most oxygen-

containing functional groups. This leads to an increase in electrical conductivity, making it a 

suitable candidate for charge transfer applications. In fact, rGO has been shown to possess higher 

electrical conductivity than GO and even some forms of single layer grapheme [8]. 

Furthermore, rGO can be easily synthesized using a variety of methods, including chemical 

reduction and thermal annealing. This makes it a cost-effective and scalable alternative to single 

layer grapheme [8] 

 

 

Figure 1.1: The Four Generation Timeline of photovo1taic-associated with materia1s of each 

generation [5]  
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1 GEN: This is the first generation of solar ce11s based on monocrysta1line and polycrysta1line 

crysta1line silicon technology as well as ga1lium arsenide (GaAs);  

2 GEN: This is the second generation of solar cells, which a1so inc1udes solar cells made of 

cadmium telluride/cadmium sulfide (CdTe/CdS), copper indium ga1lium selenide (CIGS), and 

amorphous silicon (a-Si) and microcrysta1line silicon (c-Si) thin films; 

3 GEN: The third generation of so1ar ce11s, which uses technology based on more recent 

substances, includes dyed-sensitized solar cells, organic (polymer)-based solar cells, tandem or 

stacked multilayers of III-V-based inorganics, active quantum dots, nanocrysta1line films, etc.; 

and 4 GEN: The fourth generation of solar cells, commonly referred to as "inorganics," is 

currently available. This generation combines innovative inorganic nanostructures like meta1 

nanoparticles and meta1 oxides or organic-based nanomateria1s like carbon nanotubes, 

graphene, and its derivatives with the stability of polymer thin films' cheap cost and flexibility. 

Due to the high price of conventiona1 solar cells, such as silicon-based solar cells, researchers 

have been looking for less expensive organic solar cells, of which DSSC have shown greater 

energy conversion efficiency. Dye sensitized solar cells (DSSC) offer a practica1 a1ternative to 

the present organic p-n junction solar cells by converting solar energy into electric energy by 

photosensitizing the cell [9, 10]. Due to its low cost, it is therefore viewed as a promising 

commercia1 technology [11]. DSSCs are more environmenta1ly friendly than inorganic solar 

cells and have lower production costs and a simpler manufacturing procedure. 

However, the efficiency of DSSCs has decreased, and their long-term surviva1 is in question. 

Some researchers discovered an efficiency of 10%, with an 11% efficiency being the maximum 

[11, 12].  

 

Moreover, by modifying certain cell components, i.e. improving the various cell components, the 

efficiency of DSSCs in converting solar energy can be raised [13, 14]. The objective of this 

research is to increase the effectiveness of rGO-based DSSCs. Simple, environmenta1ly friendly 

techniques are used by the photoanode, considering the effects of the graphene-based materia1 

used in the photoanode's various components for better dye absorption, improved charge 
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separation, and exce1lent e1ectrica1 conductivity, a1l of which are essentia1 to enhancing the 

effectiveness of the cell. 

 

1.2 Problem Statement 

 It is important to develop an a1ternative to fossil fuels, whose use is destroying the environment. 

In this context, researchers are interested in dye-sensitized solar cells (DSSCs), which have 

showed considerable promise in competing with existing solar technologies. However, much 

work is still being done to improve this technology. 

A semiconducting electron transport layer is at the heart of DSSC, collecting and transferring 

photogenerated electrons from dye molecules and diffusing them to the transparent conducting 

electrode (TCE), which is connected to the externa1 circuit. In the photoelectrodes of DSSCs, a 

mesoporous TiO2 structure with 20 nm diameter nanoparticles is employed as the usual 

semiconductor (other alternative oxide semiconductors examined include ZnO, SnO2, Nb2O3, 

SrTiO3, and BaSnO3) [14, 17]. 

Unfortunately, the nanostructured semiconducting material used in photoelectrodes has three 

major drawbacks: significant recombination of injected electrons with both the dye and oxidized 

species of the electrolyte, slow electron transport due to a large number of grain boundaries, and 

ineffective light harvesting. To address these issues, researchers have focused on integrating 

graphene as charge transport channels into nanocrysta1line TiO2 sheets to increase cell 

performance.   

So far, studies have shown that TiO2 -rGO has the potentia1 to efficiently boost light absorption 

intensity, limit charge recombination, and improve charge transfer [16, 19]. However, it is 

uncertain if the incorporation of graphene materia1s into DSSCs would improve their 

performance or not. As a result, the purpose of this study is to shed light on the performance of 

DSSCs employing rGO-TiO2 composite photoanodes, use a unique approach to insert graphene 

into TiO2, and deposit the composite on wide area target substrates. 
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1.3 Research questions, aim, and objectives  

Research Questions 

The following are some research hypothetical questions raised in relation with graphene 

inclusions in DSSCs involving the direct integration of graphene into the photoanode of the cell 

in order to improve performance and a1so to develop low-cost, efficient, and portable solar 

devices. Such inquiries include: 

(i) Can graphene be suitably synthesized for the application in photoanode of DSSCs? 

(ii) Can graphene be suitably incorporated into the photoanode of DSSCs? 

(iii)  Can the incorporated reduced graphene oxide significantly improve the recombination of 

the injected electrons with both the dye and oxidized species of the electrolyte? 

(iv) Can graphene improve the charge transport mechanism by reducing the effects of 

numerous grain boundaries? 

(v) Can graphene enhance the light scattering ability of the photoanode (TiO2 film) of the 

device? 

(vi) What is the overa1l performance of the DSSC as a function of graphene concentration? 

Hypothesis 

• The efficiency of dye – sensitized solar cell will improve with (TiO2 – rGO) nanoparticle 

Aim 

This study aims to fabricate and improve the efficiency of DSSCs based on rGO-TiO2 

photoanodes compare to TiO2 that currently has efficiency benchmark of 11-13%. Also, to 

enhance charge mobility and transport mechanisms, exciton dissociation, and carrier mitigation 

at the electrodes thereby increasing the cell's efficiency. 
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Objectives  

The main objectives of this research study were as follows: 

•  To synthesize f1uorine-doped tin oxide (FTO) by Aerosol Assisted Chemica1Vapour 

Deposition (AACVD) using isopropanol as precursor due to its environmenta1 

friendliness; 

•  To synthesize reduced graphene-oxide by using Improved Hummer’s Method (Tour’s 

Method)  

•  To study the morphologies of the component of the photoanode to determine grain 

boundaries of the materia1s using a scanning electron microscope (SEM) in order to 

establish the resistance of the films and charge transport mechanism through the 

incorporation of rGO  

•  To investigate the effect of TiO2 - rGO on the sensitizer (dye) with a view to 

determining the effect of graphene (rGO) on the recombination of the injected 

electrons.  

•  To investigate the effect of rGO on the light scattering of the photoanode (TiO2 -rGO) 

•  To study (stability test) on the performance of DSSC cell in respect of graphene 

(rGO) concentration/incorporation. 

 

1.4  Justification, the scope of the study, and benefits 

Improving the efficiency of DSSCs by the TiO2 layer has been a major focus in the conversion of 

solar into electrica1 energy. However, electron transport in TiO2 nanoparticle films is 

unpredictable, and electrons must pass through additiona1 grain boundaries before reaching the 

electrode, potentia1ly lowering DSSC efficiency. 

Thus, the goa1 of this research is to improve the performance of DSSCs by using high-qua1ity 

FTO films and including reduced graphene oxide in the DSSC photoanode to improve its 

electrica1transport. As a result, in this study, the FTO film was generated using the AACVD 
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approach. The film's structura1, optica1, and morphologica1 properties will be determined 

utilizing (XRD, UV spectroscopy, Ha1l effect, Profilometry, and SEM-EDX). 

The FTO with the best structura1, optica1, and morphologica1 properties will be used as the 

electrode and counter electrode of the TiO2-rGO-incorporated DSSC. The rGO's efficiency on 

the DSSC was a1so tested. 

The benefits include lower electron transfer resistance at the counter electrodes, faster mobility 

of excited photons from the LUMO to the electrode, and avoidance of recombination issues. 

 

1.5 Thesis Layout 

The effectiveness of DSSCs was investigated in this thesis by using high-qua1ity FTO sheets and 

incorporating graphene into the DSSC photoanode. The concerns connected to the construction 

and characterization of the DSSC module with FTO thin films as counter electrode and 

graphene-TiO2 as photoanode, cata1yst, and eva1uation of the cell's performance based on its 

cell efficiency are discussed in the following chapters. 

Chapter one is the introductory chapter of the thesis and it provides information on the research 

background and motivation, hypothesis, and justification of the study. The chapter further 

discusses the aims and objectives, scope, and conceptua1 approach used to achieve the main 

goa1 of the research. 

Chapter two presents the literature review and background information on dye-sensitized solar 

cells.  The chapter further highlights the benefits of the cell and how to improve its efficiency of 

the cell. DSSC structure and working principles; preparation of transparent conducting materia1; 

characterization of FTO; fundamenta1 and characteristics properties of graphene; application of 

reduced graphene oxide in DSSC; economic viability and opportunity of DSSCs; research and 

development in DSSCs improvement; benefits of DSSCs; and fina1ly, the cha1lenges associated 

with DSSCs. 

Chapter three contains details of the research methodology, experimenta1 methods, and 

ana1ytica1 procedures used in this research. 
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Chapter four presents the experimenta1 results and discussion on the production of FTO for 

DSSCs 

 The chapter a1so compares the films doped at different percentage dopants and performance 

based on morphologica1 structura1 and optica1 properties.  

Chapter five presents the experimenta1 results and discussion on the influence of graphene in the 

performance of dye-sensitized solar cells. Results of previous researchers were compared with 

findings of this research. 

Chapter six concluded the research and it presents the main objectives of the study and the gap 

which the research has filled. 

 

1.6 Contribution of the thesis to the body of knowledge 

The following are the contributions of the study to knowledge: 

a) The synthesis of Fluorine -doped tin Oxide (FTO) using aerosol assisted chemical vapor 

deposition (AACVD) was successfully achieved 

b) This research has successfully demonstrated that Hummer’s method (Tour’s method) can 

be applied for the synthesis of reduced graphene oxide (rGO) 

c) The research has established that high carrier mobility leads to faster charge transport 

(CT) thereby eliminating recombination 

d) It has demonstrated that high bandgap of ~3.6eV does not allow formation of oxidative 

holes in the SnO2 CB in the presence of high energy light 

e) The performance of DSSC improved due to increase in light absorption 

f) The improved performance of DSSCs with rGO can be ascribed to an increase in electron 

transport efficiency and visible light absorption. 

g) The recombination of electron reduced due to the fast charge mobility, indicating that the 

TiO2-rGO present in the DSSC promote the performance.  

h) The formulation of reaction kinetics, mathematical model/simulation for rGO 
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CHAPTER TWO:  LITERATURE REVIEW 

I acknowledged that some literatures and data in this chapter were adapted from [1]; Synthesis of 

improved dye-sensitized solar cell for renewable energy power generation. Solar Energy, 206, 

918–934, and [20]; Aerosol-assisted chemical vapor deposition synthesis of fluorine-doped tin 

oxide (FTO) for dye-sensitized solar cells (DSSCs): Effect of doping with fluorine, IOP Conf. 

Ser.: Mater. Sci. Eng. 1107 012117, doi:10.1088/1757-899X/1107/1/012117 

 

2.0  Introduction 

The need for energy has increased dramatically due to advancements in technology and the 

economy. However, this has resulted in concerns about energy shortages and environmental 

pollution. To tackle these issues, scientists are investigating renewable energy sources such as 

wind, biomass, and solar cells. Of these options, solar cells have emerged as a promising solution 

due to their cost-effectiveness, widespread availability, and sustainability. Let's continue to 

explore and invest in renewable energy to create a more sustainable future [21].  

The quest for low-cost, environmentally friendly energy has prompted most researchers to tap 

into the realm of photovoltaics, enhancing existing cells to cut cost and enhance availability. Dye 

Sensitized solar cells are a new type of improved photovoltaics (DSSC) generation [22, 23, 24, 

25]. It is made up of a sensitizer, a molecular dye that absorbs light and excites electrons in the 

TiO2 semiconductor using the energy of its own excited electrons. When compared to earlier 

generations that relied on silicon-based p-n junction solar cells, which involve large wafers of 

high-purity, high crystallinity silicon, which are both expensive and energy intensive to produce, 

DSSC, developed in 1991 by Michael Gräetzel and Dr. Brian O'Regan, bargains the possibility 

of very low fabrication cost [26].  

The general model of a DSSC, initially proposed and developed by Michael Graetzel in 1991, is 

a liquid junction device that consists of a nanocrystalline TiO2 photoanode, an iodine redox 

(I3
−/I−) pair electrolyte, and a counter electrode (CE) (also called cathode) typically made of a 

thin film of Pt. The same group modified the initial DSSC design and further developed a 

monolithic architecture in 1996, in which the CE was moved to the photoanode side and 

separated from the photoanode with a thin spacer of insulating material [27]. 
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Roll-to-roll processing and the application of current printing techniques make it easier to 

produce than silicon photovoltaics, which rely on batch production procedures, which offers 

additional chances to reduce manufacturing costs [28].  

Aesthetic appeal due-to their partial transparency and color, simplicity of integration into 

bui1ding architecture, and low energy payback time in-the period of time essential to create the 

same amount of energy that was embodied in the system during production are all additional 

benefits of DSSCs [29].  

The conversion efficiency of-the cell is below that of the most efficient thin-fi1m cells.  

The price/performance ratio should, however, in theory be high enough to compete-with other 

e1ectrical-energy generation sources by attaining grid-parity. Dr. Michael Gräetzel's initial 

DSSC design has undergone a number of modifications as a resu1t of the need for a 

straightforward, low-cost solar system that is effective and built from a wide variety of non-toxic 

materials [29]. 

As a resu1t, DSSC technology has advanced, giving it a competitive advantage in the market. 

Various and fruitful attempts have been made to enhance DSSC performance ever since the 

ground-breaking discovery of DSSCs more than 25 years ago. The use of 1-D or 3-D TiO2 

nanostructures, novel organic and natural sensitizers, alternative f1exible substrates, a quasi-

solid-state electrolyte, or a cheap catalyst for the counter electrode are just a few of the methods 

that Gräetzel in 2003 proposed to increase DSSC efficiency [30].  

However, it is important to take into account how changing one element may affect the system as 

a whole [31]. For instance, it is important to understand that adding a suitab1e redox pair and 

counter electrodes will only allow for parallel improvement of the photo-performance. anode's  

The most promising candidate among carbon compounds for enhancing the performance of 

DSSCs is graphene. Every part of the device, including the photoanode, dye sensitizer, 

transparent electrode, electrolyte, and counter electrode, uses graphene and its derivatives due to 

its distinct and extraordinary features.  

Graphene is a two-dimensional (2D) while rGO is a 3D carbon element that exhibits some 

special characteristics ranging from excellent transmittance, high carrier mobility, and large 
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specific surface area. For example, monolayer graphene has a high carrier mobi1ity (greater than 

200 000 cm−2 V-1 s−1 at an electron density of 4×109 cm-2), high specific surface area (2600 

m−2 g−1) and high optica1 transparency (97.7 %) [32, 33, 34, 35, 36, 37]. 

Various ways have been investigated in recent years to include graphene derivatives into various 

photoanode architectures, with varying degrees of efficiency improvement [38]. Several aspects 

are said to influence the efficiencies of graphene-based DSSCs, with the most difficult challenge 

being to directly incorporate graphene into the structure of TiO2 [39]. In addition, the industrial 

scale production of inexpensive, high-quality graphene for DSSC photoanodes continues to be a 

difficulty [39, 41, 42].  

In order to create DSSCs, one must first comprehend the important cellular processes. This study 

therefore offers a perspective on the synthesis and fabrication of upgraded DSSCs with FTO, 

reduced graphene oxide-incorporated photoanodes, and counter electrode in DSSCs design and 

technique of integration, as well as current challenges and research prospects on the new design 

and improvements. 

 

2.1 DSSC: Structure and working principles 

2.1.1 Structural parts of DSSCs 

DSSCs as illustrated in Figure. 2.1, comprises mainly of five parts which include a substrate, 

photoelectrode, sensitizing dye, electrolyte and counter electrode. 

 

 

 

 

 

 

 

Figure 2.1 Schematic Description0f DSSC [31] 
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2.1.1.1 Substrates 

The standard electrode in DSSCs is constructed of transparent conducting-oxides (TCO) that 

have been covered with glass substrates. TCOs are commonly used in DSSCs due to their 

inexpensive cost, good optical transparency and-abundance in the visible and infrared regions of 

the sun spectrum [31]. 

To coat the TCO, which is manufactured from bare glass, with a metal oxide (often fluorine-

doped tin oxide-FTO (F:SnO2) and indium-tin-oxide ITO (In2O3: Sn, ITO), doping is uti1ized. At 

higher temperatures of around 450–500°C during the conventional nanostructure production 

technique, and in order to achieve thermal stability, the FTO is generally utilized in place of ITO 

[43]. 

 

2.1.1.2  Photoelectrode 

The photoelectrode is created by coating the TCO substrate with a thin layer of sensitive wide-

band gap nanostructured metal oxide semiconductor (MOS), typically composed of TiO2, ZnO, 

SnO2, and Sb2O5 (photoanode). The nanostructured metal-oxide semiconductor layer needs to 

have a huge surface area (high roughness) to enable the-adsorption of numerous sensitizer 

molecules in order to accomplish a high light-harvesting efficiency (LHE) [43,44, 45, 47, 48, 49] 

 

2.1.1.3  Dye molecules (photosensitizers) 

Because it is essential to sensitize the wide-bandgap of a nanostructured photo electrode”, the 

photosensitizer is essential to the operation of a DSSC. As a result, numerous dyes, numbering in 

the hundreds, have been studied over time. An efficient sensitizer should produce strong light 

absorption across the whole visible region of the solar spectrum as well as into the infrared 

region in order to improve light harvesting. It must have an appropriate anchoring group that 

enables linking to the semiconducting oxide, such as a carboxylic acid [50, 51, 52, 53]. 
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2.1.1.4  Redox electrolyte 

A redox pair (I /I3) melted in a suitable solvent, usually acetonitrile (ACN), and frequently 

additional additives to improve the performance of the cell make up the electrolytes comm0n1y 

employed in ordinary DSSCs [ 30,51]. “For dye regeneration and to complete the transportation 

of electrons between the photo electrode and counter electrode in the DSSC, an electrolyte is 

required. There have been numerous studies conducted on various types of solvents for the 

electrolyte, including alcohols, propylene carbonate, -butyrolactone, tetrahydrofuran, N, N 

dimethylformamide, and other forms of nitrile solvents [53, 54, 55, 56] 

 

2.1.1.5  Counter electrode 

The electrolytes often used in standard DSSCs consist of a redox pair (I / I3) dissolved in a 

suitable solvent, stereotypically acetonitrile (ACN), and frequently added additives to enhance 

the performance of the cell [30, 51]. An electrolyte is necessary for dye regeneration and to 

finish the transportation of e1ectrons between the photo electrode and counter electrode in the 

DSSC. Numerous investigations on varying sorts of electrolyte solvents, such as alcohols, 

propylene carbonate, -butyrolactone, tetrahydrofuran, N, N dimethylformamide, and other nitrile 

solvents, have been carried out [57, 58, 59].  

 

2.1.2 Working principle of a DSSCs 

The two main ways that DSSCs differ from all other solar cells are how they absorb light and 

how they transfer charges [60, 61]. DSSCs operate on the princip1e of absorption, separation, 

and collection. 

In the process of absorbing light, the dye molecule, a crucial component of the “cell that coats 

the semiconductor support, excites the electron via the highest engaged molecular-orbital 

(HOMO) to the bottom most unengaged moecular-orbita1 (LUMO), creating an exciton, which 

is made up of an excited electron and an electron hole. The HOMO is the share of the cell that 

has the lowermost energy-level of the cell whereas the LUMO has the utmost energy-level of the 

cell as shown in Figure. 2.2 [63] 
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Figure 2.2a: The Working Principle of a Schematic of DSSCs [62] 

 

After the light is absorbed, separation occurs, involving the oxidation of the dye molecule and 

the injection of an exciton into the conduction band of metal oxide semiconductors (MOS). The 

two opposing charges must be separated at the MOS and dye interface in order to prevent them 

from recombining and generate current.  

When these charges are generated, the excited electron is delivered to the anode through a 

semiconductor support medium, and the excited holes are transported to the cathode through the 

electrolyte on the other side of the dye [51]. The circuit is then complete, and the light-absorbing 

dye molecules cause the electrons to move around the circuit [63]. After the light is absorbed, 

separation takes place as a result of the dye molecule being oxidized and a metal-oxide 

semiconductor's conduction band being exciton-injected (MOS). To prevent recombination and 

create current, the two opposing charges must-be separated at the MOS and dye interface. Once 

these charges are produced, the excited electron is sent to the anode via a semiconductor support-

medium, and the excited holes are sent to the cathode via the electrolyte on the opposite side of 

the dye [51, 62, 63]. At this point, the circuit is finished, and the molecules of the light-absorbing 

dye force the electrons to travel around the circuit [63, 64].  
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Figure 2.2b: Schematic structure of DSSC [64] 

 

To properly match their various energy levels as depicted in Figure 2.2a, all of the parts of the 

cell must be carefully chosen [64]. Via variance in potentials between the conduction band edge 

of the semiconductor support and the redox potential of the electrolyte eventually determines the 

maximum output voltage (Voc) of the cell. 

Therefore, in order to reduce energy losses, these potentials must be as closely matched to the 

“LUMO and HOMO levels of the dye” [63, 64].  

 

2.1.3 Chemical Reaction in a DSSC 

According to Figure 2.2a, the six primary chemical reactions that make up a DSSC's working 

principles are the “absorption reaction, electron injection, electron transport, triiodide reduction, 

dye regeneration, and recombination process [62, 64].  

Recombination processes cause energy losses and lower the DSSC's efficiency. Due to an 

excitation that exists amongst the dye molecules' electronic states, the dye molecules absorb light 

and photons in the DSSC as the initial response.  
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According to Anwar in 2013, the excitation naturally involves a metal-to-ligand charge transfer 

(MLCT), which tends to transport electrons from the mo1ecu1ar ground state's HOMO level to 

the LUMO level [65]. The absorption state is also known as the excitation state as shown in 

equation-(2.1) below 

                                          2.1 

 Excitation and 1ight absorption cause the e1ectr0n in the injected meta1-oxide semiconductor 

conducting band to become TiO2, as illustrated in equation (2.2). 

                                2.2 

 According to studies by [66] and [65], the movement of the electrons results from diffusion 

caused by the gradient of the electronic concentration in nanoporous TiO2. However, other 

studies also indicated that the movement is caused by the intensity of the incident-light [67]. 

According to [66], the quasi-Fermi level under electr0n illumination determines the coefficient 

of electron diffusion. These findings were exp1ained by the multiple trapping (MT) model [68, 

69, 70]. The kinetic rivalry amongst the mobility of the injected electrons in the nanoporous 

semiconductor layer and the recombination reaction of these electrons with the redox species in 

the electrolyte or with the oxidized dye-molecules is what-causes the collection of charges in 

DSSCs [71]. The migration of the electrons must occur far more quickly than recombination for 

the charges to be collected effectively, and this must occur in the range of milliseconds [72, 73]  

                                  2.3 

The fourth stage of the DSSCs reaction cycle, the tri-iodide reduction to iodide, takes place at the 

counter-electrode. The counter electrode's catalytic activity must be high for this reaction to 

decrease energy loss and boost the performance of DSSCs. Due to its high catalytic activity for 

triiodide reduction, platinum (Pt) is the catalyst that is most frequently utilized in the counter 

electrode [74] equation (2.4) below. 

      2.4 
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The regeneration of dye is a part of the DSSC's fifth energy reaction. The I-/I-
3 redox pair, which 

is required for the fourth and fifth reactions, is present in the organic so1vents that are typically 

employed to make the electrolyte for DSSCs.  

                                                       2.5 

A sequence of energetic reactions split into three steps make up the recombination process. Since 

the TiO2 nanoporous film's electrons are constantly a few nanometers away from the 

semiconductor/electrolyte contact, it is possible that they may recombine with either oxidized 

dye molecules or triiodide in the electrolyte. When compared to the electron injection in TiO2, 

the first stage of this recombination process is a very sluggish reaction, as seen in equation (2.6). 

One of the unfavorable processes in the DSSC is the subsequent reaction, which is a 

recombination of injected electrons in TiO2 with the triiodide ion at the interface and is 

represented by equation (2.7). As opposed to the initial process reaction, this process is far more 

likely [75]. Since the TiO2 film might not completely cover the transparent conducting-oxide 

(TCO), as illustrated in equation (2.8), the final-reaction of recombination might also take place 

on the TCO.  

Due to the platinum-free TCO's extremely weak electrocatalytic-activity toward the 

iodine/triiodide redox system, studies have revea1ed that this effect is modest and insignificant 

[76]. As a result, the kinetics of this reaction shows a multi-exponential time law, occurring on a 

microsecond to millisecond time-scale as opposed to ultrafast electron injection, and the “first-

stage of the recombination reaction method necessity proceed slowly in comparison to the 

electron-injection and regeneration of dyes in order to have significant charge separation [77, 78] 

It is determined by the semiconductor's e1ectron density and light intensity [74].  

 

     2.6 

     2,7 

           2.8 
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2.1.4  Effectiveness of Improved DSSC Performance 

Numerous studies have been done on the best ways to accomplish efficient DSSC performance 

improvement. There is a significant difference between the size of solar cells researched in a-

laboratory and those that are genuinely usable on a big scale. They concentrated on changing the 

structures and key sections of the DSSC [79,80, 81]. Lenzmann and Kroon examined the effect 

of DSSC size in 2007 without taking stability into account, and discovered that efficiency 

dropped with DSSC size [82]. In-order to facilitate the collection of generated free-electrons and 

aid in the transmission of current via the cell, the glass used in DSSCs is engineered to be 

conductive. 

Any incoming light must pass through the glass because the glass plates serve as the cell's 

exterior walls. Consequently, the glass' optical qualities are essential to the health of the cells 

[83]. To excite electrons contained-by the DSSC, the glass must be extremely clear in the 

sensitizers' absorption zone. The photoelectrode of the DSSC was characterized by Kay and 

Gratzel as a conductive glass plate that was "covered with a porous layer of a wide band gap 

semiconductor, typically TiO2, which is sensitized for visible light by an absorbed sensitizer" 

[84]. On the conductive side of glass with SnO2 film, colloid TiO2 was deposited using the 

doctor-blading technique (a rod is forced on the surface and dispersed across the surface).  

The glass with the TiO2 coating was then heated to 450°C [84]. To finish the photoelectrode, 

sensitizing dye was then applied to the TiO2-coated glass. Most DSSCs use this procedure as 

norma1. A careful analysis of the literature indicated that the semiconductor has changed very 

little over the past fifteen years. The majority of photoelectrode-related experiments have 

focused on altering the electrode's dye sensitizer. The usage of various forms of TiO2 has been 

the only other significant advancement in the photoelectrode. Due to its inexpensive price, 

superior semiconducting qualities, and its extensive use as a white colorant in toothpastes and 

paints, TiO2 has been employed as the semiconductor in DSSCs from the invention of these 

devices [84].  

The capabilities of a cell can vary depending on the type of TiO2. TiO2 nanorods should be used 

rather than TiO2 nanoparticles. Due to the rods' snagging in a special 3D network, nanorods 

boost charge transport and cause an increase in the lifespan of the electron in the photoelectrode 

[85]. The early conversion efficiency of nanorod-based DSSCs is 3.32 percent compared to that 
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of nanoparticle-based DSSCs at 1.97 percent because nanorods have a larger surface area than 

nanoparticles. In an environment with rising salt content, nanorod-based DSSCs also have a 

greater overall conversion efficiency. Though the conversion efficiency of nanoparticle-based 

DSSCs declined with rising salt concentrations that of nanorod-based DSSCs remained constant. 

Based on these findings, it was determined that nanorod-based DSSCs outperformed 

nanoparticle-based DSSCs both generally and in harsh conditions [86, 87]. 

Due to carbon's special ability to connect with other elements easily, research into graphene has 

generated a great deal of interest over the years. Via a study by Long et-al., in 2012 on 

graphene/TiO2 composites, they discovered that graphene and its derivatives has a remarkable 

potential for photovo1taic applications, providing an effective photo-induced charge separation 

at the interface [88]. 

When graphene was added to TiO2 utilizing the modified Hummer's technique, Jang et al. in 

2015 found that the PCE of DSSCs was 47 percent better than with pure TiO2 [89]. According to 

[90], the redox pair is essentia1 to the efficiency of DSSCs. Iodide (I-) reduces dye molecules 

that have been oxidized by incoming photons to triiodide (I-3), which then travels to the counter 

electrode and is reduced back to iodide. The dye that has just been freshly oxidized by the second 

incoming photon can subsequent1y be reduced by the iodide. 

Subject on the redox reactions taking place with the mediator redox couple (I-/I3-), this cycle 

continues to occur [83]. In their assessment of the iodide/triiodide redox mediator, Boschloo and 

Hagfeldt [90] states that "the photovoltage of the device depends on the redox pair since it 

establishes the electrochemical potential at other counter electrode." This is due to the fact that 

the "driving force for dye regeneration process is given by the difference between the energy 

states of the standard dye with the oxidized dye and iodide with diiodide (I2-)," according to 

kinetic theory [90]. 

 

2.2 Preparation of Transparent Conducting Materia1s (TCMs) 

Transparent conductive materials (TCMs) mainly belong to a class of substances that frequently 

exhibits simultaneous electrical conductivity and optica1-transmission. They can be found in a 

variety of forms, such as metal films, wide-band-gap semiconductors, metal nitrides, or doped 
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organic polymers [91], and are mostly used in solar cells and other energy-related devices [92, 

93]. The most often utilized TCO is fluorine-doped tin or tin-doped indium oxide (FTO or ITO), 

which enables the glass plates to act as electrodes and collect the electric charge generated within 

the cell. They are ideally suited for the majority of the Sun's output since both the FTO and ITO 

coatings are very transparent across the visible spectrum and more absorbent in ranges closer to 

UV rays [94].  

The usual resistivity of FTO and ITO coatings is between 10 and 20 / cm2. But as temperature 

rises, the resistance of glass-ITO electrodes significantly increases, and this phenomenon is not 

seen in glass that has been covered in FTO [94]. Other than solar cells, a number of different 

technologies can be used to make FTO physically, chemically, and electrochemically stable. The 

hydrothermal process, chemical-vapour-deposition (CVD), RF sputtering, and spray-pyrolysis 

are just a few of the techniques used to create FTO nanocomposites.  

 

2.2.1 Hydrothermal Method 

A homogenous thin fi1m of FTO can be created using this technique. This procedure involves 

liquid deposition because it uses a bottom-up strategy (also known as soft chemistry), which 

produces a thin film that is homogeneous and has steady pressure and temperature [64]. Water is 

used in this procedure as a reaction medium and is denoted to as a universa1 solvent due to its 

nature, importance, and exceptional qualities [60]. It is a medium for reaction that takes place 

under entirely different hydrothermal conditions than usual.  

The benefits it offers for the environment are essentially the method's most significant benefit 

(i.e. water being the most effective solvent when it comes to cost and acting as a catalyst for the 

formation of desired materials). It is not flammable or explosive, non-mutagenic, non-

carcinogenic, and thermodynamically stable [64]. Water is highly volatile, making it simple to 

remove from any operation.  

The parameters of the experiment, as well as the procedure itself, have a relative impact on the 

nanostructure of FTO [95]. When compared to the amorphous technique in other studies, the 

solution-based method was found to have a 1ow cost of manufacturing and a high growth rate of 

the seed layer on the nanostructured FTO [95]. For instance, the hydrothermal method of 
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generating ZnO nanostructures has become extremely popular due to its simplicity and bearable 

growth conditions [96].  

The rapid development in nanoscience and nanotechnology over the past few decades has 

offered new possibilities and opportunity for exploitation of new analytic tools and devices for 

bioanalysis. Nanoparticles represent an emerging tool for bioanalytical techniques due to their 

unique properties such as small size, large surface-to-volume ratio, easy synthesis and 

functionalization, and good biocompatibility [97]. 

In 2009, Liu and Aydi1 saw the discovery of a straight forward hydrothermal technique. On FTO 

substrates, the technique was used to generate oriented single-crystalline rutile TiO2 nanorods 

[98]. When these techniques were contrasted with others, the hydrothermal technique showed 

promise for producing nanostructured FTO thin films.  

Different nanostructures of FTOs, including nano-bows, nanocages, nanorods, and nanobelts, 

had been reported throughout the previous 20 years [95]. Utilizing pentahydrate stannic chloride 

(SnCl4•5H2O) and ammonium fluoride (NH4F) as precursors, nanostructure was directly 

generated on FTO g1ass substrate in a work by Sasha et al. on the fabrication of a nanostructured 

FTO using the hydrothermal technique [95].  

Different time variations were used throughout the synthesis, and field emission scanning 

electron microscopy was used to examine the properties of the nanostructured FTO (FESEM). 

The FESEM pictures showed the development of a layer of nanoparticles on the FTO substrate. 

As the thickness of the nanostructured layer was raised, a degradation of conductivity was 

observed in the electrica1 properties. Results from UV-Vis showed that transmittance decreased 

as the duration of the experiment grew. It was discovered by FESEM ana1ysis that employing 

DBTA as a precursor can improve the nanostructured FTO [95].  

2.2.2 Chemical Vapor Deposition (CVD) 

There are numerous ways to synthesize FTO via CVD, including atmospheric pressure CVD 

[99], low pressure CVD plasma enhanced CVD [100], and other methods [101. [102] employed 

the atmospheric pressure CVD process to create FTO by depositing FTO onto a glass substrate at 

different substrate temperatures and then holding that temperature constant at 500°C whi1e using 

air as both the career gas and the oxidizing agent. When the generated thin film's electrica1 
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properties were evaluated, it was found that they tended to alter based on the substrate's 

temperature, varying from being an insulator thin film to a highly conductive thin film [102]. 

Under X-ray diffraction, the structural property was seen to be poly-crystalline at higher 

temperatures and amorphous at lower temperature. 

 

2.2.3 Sputtering 

Some FTO preparation procedures necessitate high substrate temperatures for the material as 

well as post-treatments like annealing, which results in the creation of in-between semiconductor 

oxide layers at the film border and increases operational costs [103].  

Compared to other techniques, sputtering hasn't been used to prepare FTO very much over the 

years. This procedure claims to be ecologically friendly and the use of targets made of lightly-

packed blended powder provides an effective way to screen potential compositions while also 

having a low operational cost [103]. This process was first applied in 1955 to create In2O3:Sn in 

tiny grains [60].  

The sole method that produces well-adhered, large-sized films with excellent quality large-scale 

deposition at relatively low substrate temperatures is magnetron sputtering [104]. There are 

various sputtering techniques, including radio frequency (RF) sputtering [105] and direct current 

(DC) reactive sputtering [104, 106, 107, 108].  

According to theoretical predictions, hydrogen can operate as a source of n-type conductions in 

ZnO materials when added to the sputtering atmosphere [109, 110, 111]. Conversely, as it is the 

most frequently utilized, little research has been done to support the idea that hydrogen can be 

added to the sputtering atmosphere of SnO2. To increase the conductive quality of the film, [106] 

tried adding H2 to the sputtering atmosphere [108]. A SnO2-based film was optimized by [112] 

by adding the same hydrogen to the sputtering atmosphere [104].  

In-the study, FTO films were deposited using the RF sputtering technique on a fixed H2/Ar 

concentration ratio of (3/97) SnO2-SnF2 target. The impact of H2 concentration in the sputtering 

atmosphere was also examined, and more studies in this area. In order to examine the effects of 

the H2/Ar flow ratio on the film's characteristics at two different substrate temperatures. [104] 
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produced a thin film of FTO using the sputtering SnO2- SnF2 target introduced by de Moure-

Flores et al. in 2013 [104, 112].  

According to Zhu et al., the introduction of H2 can result in the production of an FTO thin film 

with a (1:1) Ar flow ratio, and the resistivity of the film tends to drop initially before increasing 

over a specific value [104]. The conductivity, transmittance, and band gap all decrease as the 

flow rate of H2/Ar rises [104].  

In a study conducted by [113], FTO were made using a mixture of SnO2 and SnF2 powder, and 

then the fluorine doping level was examined [103]. Different film thicknesses with subsequent 

electrical and optical properties were produced during the research at various doping levels. The 

outcome showed that a thin film with an optical bandgap of 3.80 eV, an average visual 

transmittance of 83 percent, a resistivity 0f 6.71 x 10-3 cm, and a mobility of 15 cm2/Vs was 

optimal.  

 

2.2.4 Spray Pyrolysis 

Spray pyrolysis has been used to produce TCO since 1947, when Mochel added Sb to SnO2 and 

McMaster added Cl to SnO2. It has been used for numerous TCO over time, including doping tin 

oxide with fluorine (FTO) [114, 115]. Since of its simplicity, low cost of experimental 

equipment, ready incomparability of multiple dopants, high growth rate, and high mass 

production compatibility for big area coating, spray pyrolysis is a widely-utilized technique 

[116]. In this procedure, a precursor solution is sprayed onto a heated surface to deposit a thin 

film of the necessary substance. As a tin element in the precursor solution for making FTO films, 

a number of tin compounds have been employed. The type of substance utilized determines their 

preferred crystal growth orientation and crystal size, which in turn affects the optical, electrical, 

and conductivity properties [117].  

Murakami noted the first SnO2's development on the glass substrate. He discovered that each 

isolated grain had developed nearly at the same pace, with its density at initial stage increases 

with surface area roughness, and increase in roughness caused the grain to spread more widely 

[118].  
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However, Liyanage et-al. were ab1e to enhance spray pyrolysis in 2013 to produce FTO nanorod 

films with a low resistance-sheet characteristic [119]. To maintain a high percentage of FTO film 

transmittance and low pressure throughout the deposition process, a horizontal spray approach 

was adopted in the enhanced spray pyrolysis. It was discovered that the temperature at which-

deposition happens, the time at which reactions happen, the type of precursor, and the solvent 

that were utilized, all had an impact on the size of the grain of FTO films [60].  

In 2015, Hassanien et-al. created thin films of undoped SnO2 and fluorine-doped tin-oxide (FTO) 

via spray pyrolysis on glass-substrates in an effort to improve the performance of the FTO, 

whi1e systematically investigating the optimization of the solvent and precursor [120]. He 

discovered that increasing the spray time, substrate temperature, and solution concentrations led 

to an increase in film thickness and a decrease in sheet resistance [120]. This invariably means 

that the growth rate of SnO2 is optimized as the film thickness is attained. 

The-Effective light harvesting and sheet resistance both depend on the electrical and optical 

characteristics of FTO. The electrical resistance of the film is thickness dependant, and as a 

result, when the thickness rose due to an increase in spray time, substrate temperature, and 

solution on centration, the sheet resistance decreased and the conductivity [120] 

In 2016, Napi et al.- prepared FTO with two solutions; ammonium fluoride and dibutyl tin 

diacetate (DBTDA), and the spray pyrolysis method was used to create the FTO substrate [117]. 

The sample's anneal temperature was varied as the main focus of the study. [117] found that the 

best-film cou1d be made by altering the anneal temperature, and that this produced a “sheet 

resistance of 5.11x108 Ω/sq with a highest percentage of transmittance [117]. Since an increase 

in anneal-temperature will result in a rise in energy supply, it was also shown that an increase in 

anneal-temperature led to an increase in the growth of the thin film.  

2.3 Fundamental Characteristic Properties of Graphene  

Recently, interest in graphene has grown significantly, and its science is now one of the most 

fascinating and rapidly-evolving areas of material science [121]. The scope of graphene is 

expanding, combining theoretical theories with new developments in experimental methods. On 

the other hand, graphene's high surface area, exceptional transparency, Light absorption, and 

charge transport properties have substantially spurred interest from various study domains 
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connected with energy conversion and the removal of environmental pollution [122]. The 

existence of 2D crystals has previously been questioned repeatedly because the Mermin-Wagner 

theorem predicts that a 2D crystalloses its long-range order and me1ts at any tiny but non-zero 

temperature as a result of thermal fluctuations.  

The first really 2D crysta1 to be seen in nature is graphene. Graphene is an allotrope of carbon 

that consists of a 2D, atomic-scale hexagonal lattice with one atom forming each vertex by sp2 

hybridization, according to [123]. The basic structure of graphene is a hexagonal carbon ring 

with a surface area of 0.052 nm2, a carbon-carbon link length of roughly 0.142 nm, and a stable 

hexagonal structure produced by three powerful covalent bonds in each lattice [123]. The reality 

of 2D crystals has previously been questioned repeatedly because the Mermin-Wagner theorem 

predicts that a 2D crystalloses its long-range order and melts at any tiny but non-zero 

temperature as a result of thermal-fluctuations. The first really 2D crystaltobe seen in nature is 

graphene.  

According to [123] graphene is an allotrope of carbon that is made up of a 2D, atomic-scale 

hexagonal lattice with one atom constituting each vertex by sp2 hybridization. In the unit 

structure of graphene is a hexagonal carbon ring with an area of 0.052 nm2, a carbon-carbon link 

length of roughly 0.142 nm, and a stable hexagonal structure made of three potent covalent 

bonds within every lattice [123]. The stability of graphene is attributed to its closely spaced 

carbon atoms and a sp2orbital hybridization, which combines the orbitals s, px, and py to form 

the -bond. The -bond is created by the last pz electron. Most of the prominent electronic features 

of graphene are a result of these bands, specifically the half-filled band that allows free-moving 

electrons [123]. Additionally, because to its extreme thinness, graphene is known for its 

transparency in the visible area, which is advantageous in the conductive substrate used by 

DSSC [124, 125].  

2.3.1 Synthesis of Reduced Graphene Oxide (rGO) 

The mysterious three-dimensional carbon allotrope has perhaps received the most theoretical 

attention. All computations on graphite, fullerenes and carbon nanotubes begin with graphene; 

neverthe1ess, countless attempts to create these two-dimensional atomic crystals have mostly 

failed, yielding nanometer-sized crystallites instead [1, 126, 127, 128, 129]. Given the 

widespread misconception that fully two-dimensional crystals cannot exist, these challenges are 
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not surprising (in contrast to the numerous, known quasi two-dimensional systems). 

Additionally, any graphene nucleation sites created during synthesis will have extremely high 

perimeter-to-surface ratios, which will encourage collapse into other carbon allotropes.  

The first experimental attempts to produce graphene can be credited to [130]. He discovered 

single-and-few-layer graphite structures in solution as a byproduct of graphene oxide (GO) 

reduction in his work on transmission of electron microscopy. A pioneering work to isolate 

graphene monolayer via highly-oriented pyrolytic graphite (HOPG) over mechanical-exfoliation 

was carried out by [131] via their expert scotch-tape technique. New efforts in the 1990s led to 

the growth deposition of graphene on metal surfaces, then slight success was noted [131] 

Numerous methods have been used to create graphene since the initial isolation. The synthesis 

techniques are divided into two groups: "top-down" and "bottom-up."(Figure. 2.2c) Depending 

on the intended use, developing efficient methods for graphene synthesis is essentially depended 

on the intended use for the application, taking into account the desired product's morphology, 

purity, orientation, thickness, and efflorescence. 

Graphene or its derivatives, such as graphene oxide (GO), rGO and graphene fluoride, are 

separated from one another or exfoliated to form graphene or modified graphene sheets in a top-

down process [132, 133, 134, 135]. The most comm0n top-down technique is graphite 

exfoliation.  

 

Figure. 2.2c Flow chart for synthesis of graphene oxide [1, 132]; (a) In the top-down process, 

graphene sheets are produced by exfoliation or separation of highly ordered pyrolytic graphite 
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(HOPG) or its derivative, graphene oxide (GO), (b) In the bottom-up process, graphene sheets 

are produced by building up nanoscale material via atomic or molecular arrangement of carbon. 

One of the main difficulties with this method is aggregation during processing of large quantities 

of graphene sheets, which have a propensity to form irreversible agglomerates or even restack to 

produce graphite through Van der Waals interactions unless well isolated from one another 

[135]. On-the-other-hand, the bottom-up strategy begins with tiny organic molecules to produce 

graphene. This technique stands out for its meticulous control of the graphene's form and 

structure [132]. The chemical vapour deposition (CVD) method appears to be the most widely 

used bottom-up strategy.  

According to many studies, graphene was created through the degradation of hydrocarbons (1ike 

methane) into graphene, which was then catalyzed by metal surfaces using CVD [136]. High-

quality graphene is often deposited using the CVD technique on a variety of transition-metal 

substrates, including Ni, Pd, Ru, Ir, and Cu [132]. Epitaxial thermal growth, also known as 

thermal breakdown, is a crucial bottom-up technique that enables the synthesis of graphene on a 

single crystalline silicon carbide (SiC) surface [137]  

Additionally, the Brodie, Staudenmaier, and Hummers methods as well as graphene oxide 

reduction are recognized to be other methods for producing graphene (Kaiser et al., 2007; 

Nurhafizaha et-al., 2017). 

2.3.2 Mu1tidimensional-Forms of Graphene  

The focus of graphene research has remained on practical applications. Due to the growing 

number of uses for graphene in many fields, 2D graphene sheets have been modified to produce 

one (1D) and three (3D) rGO dimensional forms. According to [134, 135, 137], 1D and 3D 

graphene-based derivatives have a wide range of remarkable qualities [138]. Numerous studies 

in this field have been sparked in recent years by the production of 1D graphene fibers and 

nanoribons.  
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To adjust the electrical characteristics of graphene for various applications and bandgap, 

engineering, and whose properties highly depend on their size and edge shape, large-area 

graphene is purposefully constrained in one dimension to generate graphene nanoribons (GNRs).  

Wet spinning of carbon nanotubes (CNTs) has been used to prepare 1D graphene (fibers) from 

graphene oxide suspensions [135,139, 140, 141]. Other preparation techniques include 

dimensionally-confined hydrothermal strategy [142] and chemical reduction [143]. It can also be 

made from graphene films like graphene oxide film and chemical vapor deposition produced 

graphene fi1m [144, 145]. It is possible to create graphene nanoribbon by longitudinally 

unzipping CNTs [146]. The photoconversion efficiency (PCE) of the dye-sensitized solar cells 

(DSSCs) was reported to be greatly increased by the GNRs when 1D graphene was employed in 

DSSCs, used at the counter-electrode and in I-/I3-based electrolyte, and recently inserted into 

TiO2-photoanode [145]. The creation of a graphene with a band gap is one of the efforts made to 

diversify the applications based on graphene. The alteration of electron behavior—i.e., the 

physical characteristics of grapheme-due to quantum confinement is what sets graphene quantum 

structures apart from graphene. The electrical and optical properties of graphene quantum 

structure are influenced by the specific size, shape, and edge structure when graphene is shrunk 

to a size comparable to the excit0nBhor radius, allowing for the observation of quantum 

confinement effects [143, 146, 147].  

Soon after, [148] asserted that bandgaps exist in graphene nanoribbons (GNRs). [149] asserted 

that a band gap in armchair graphene results from quantum confinement and edge effects, while 

a band gap in zigzag GNRs results from a staggered sublattice potential; these predictions were 

later supported by ground-breaking experimental work from [150, 151]. Ponomarenko et al. in 

2008 used electron beam lithography to create graphene dot structures of various sizes and 

discovered a quantum-induced bandgap in a more precise1y defined graphene quantum dot 

structure [152]. When comparing the Coulomb blockade peaks of various structures, they 

discovered that graphene quantum dots (GQDs) smaller than 100 nm had non-periodic Coulomb 

blockage peaks, which is a clear sign that quantum confinement causes bandgap effects in 

graphene quantum dots.  

According to reports, GQDs have contributed to the advancement of current solar cell 

technologies, including dye-sensitized solar cells (DSSCs) and perovskite solar cells [153]. 
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Additionally, three-dimensiona1 (3D) interconnected graphene networks seen in materials 

including aerogels, hydrogels, and foams have drawn a lot of study interest recently [135].  

Different methods have been used to assemble 2D graphene into their 3D forms. Geletion is one 

of the reported efficient methods for assembling graphene oxide (GO) sheets into 3D graphene 

hydrogels, which could then be transformed into 3D graphene aeroge1 by a later freeze-drying 

procedure [135].  

In order to create 3D porous graphene macrostructures, a number of reduction techniques have 

been investigated, including the hydrothermal method [153], the solvothermal approach [154], 

chemical reduction [155], and electrochemical reduction [156]. Because they may be applied to 

large-scale 3D graphene frameworks, template (hard or soft) driven approaches to create 3D 

graphene have attracted the greatest attention.  

This CVD approach has a hard template that is frequently utilized to fabricate large-scale 3D 

graphene frameworks by using 3D nickel foams as templates [135]. The same processes that 

occur during the CVD manufacture of1arge-scale graphene films—pyrolysis of the carbon 

source, dissolution of carbon atoms in nickel, and formation0f graphene on the nickel surface 

after cooling down also occur here [157]. Another straightforward and ecologically benign 

method of hard template direction is ice-templating, which eliminates the need for the laborious 

template etching phase that uses potent solvents and acids [135]. Soft templates, such as 

micelles, emulsions, and bubbles, have been investigated in addition to the hard temp1ate 

guiding technique to build graphene-based 3D macroscopic structures. Materials based on 3D 

graphene have entered the energy conversion industry, including dye-sensitized solar cells 

(DSSC). For DSSC, 3D graphene nanofoam has been used in place of a platinum counter-

electrode [158].  

 

2.4 Application of Reduced Graphene Oxide in DSSCs 

In the design of the DSSC photoanode, graphene and its variants have largely served as 

supporting components. The usage of graphene materia1s as transparent conductors, in the 

semiconducting layer, and as sensitizers is the main topic of this section (dye) [159, 160].  
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2.4.1 Transparent Conductive Electrodes 

In-terms ofoptica1 transparency, electrical conductivity, mechanical strength, and thermal 

conductivity, graphene stands out for having a number of desirable features. The one atomic 

layer of carbon atoms in graphene, which has a planar density of 0.77 mg/m2, is what gives it the 

advantages of being extremely thin and light [135]. The excellent transparency of 97.7 percent in 

the visible range at one atomic thickness is one advantage [36]. According to theoretical and 

experimental findings, the thickness of graphene can be used to control its optical quality [123, 

161].  

Due to its high optical transmittance and electrical conductivity, graphene-based thin film 

electrodes have emerged as a highly competitive transparent conductive material and have been 

suggested as a potential replacement for many common TCEs, including indium tin oxide (ITO) 

and fluorine-doped tin oxide (FTO) [123, 162]. The issue of fragility, environmental pollution, 

and a shortage of indium resources could all be resolved by the usage of graphene in this field.  

Transparent and conductive graphene electrodes have been successfully used in numerous recent 

research studies to replace the traditiona1 transparent conducting oxides (TCOs) in dye-

sensitized solar cells [ 134, 163]. According to Bonaccorso et al. in 2010 each layer of graphene 

absorbs about 2.3 % of light thereby resulting in 90 % transmittance in which light can pass 

through a maximum of∼5sheets [164]. In contrast, [165] demonstrated that for a single-sheet 

measurement, the thermally reduced graphene oxide (TRGO) sheet with an atomic carbon to 

oxygen ratio higher than 300 RSh0f 7.7 k/sq (Figure 7B) [165], while that for pristine graphene 

is 6.45 k/sq, exhibits a significantly higher level of stability [131]. [166] further indicated that 

this was due to the materia1's layers only being able to attain a transmittance of 90% and an RSh 

of roughly 1 k/sq, even without taking into consideration contact resistances between individual 

sheets [167].  

Studies revealed that [163] was the first to fabricate graphene in DSSCs using it as a transparent 

electrode. Graphene films were generated by exfoliating the graphene oxide and then thermally 

reducing the platelets, thereby forming the TRGO films: The films were created by sequentially 

covering silica glass with graphene oxide dips, followed by annealing the films at 1100 °C [163]. 

The material had to be sufficiently reduced at high temperatures in order to increase the size of 

the sp2-hybridized aromatic networks and conductivity. They possessed an RSh of 1.8 k/sq, a 
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transmittance of around 62 percent at 550 nm, and were evaluated for use as DSSC window 

electrodes. They were about 10 nm thick.  

The films created as window electrodes have a wavelength between 1000 and 3000 nm, a 

conductivity of 500 Scml, and a transparency of more than 70%, although they perform poorly 

when compared to FTO. However, the achievement made by [163] opened researchers' eyes to 

the potential of graphene as transparent conducting materials [163]. In current research by [168], 

it was discovered that employing graphene and titanium film electrodes to achieve high porosity 

and large specific surface area was achieved to increase the adsorption rate of sensitizing dye, 

and the PCE was reported to be 7.2 percent [168]  

According to [169], using graphene with a monolayer of TiO2 as a photoanode led to a 31 

percent increase in PCE compared to a TiO2 anode [169]. In the meantime, according to [170], 

the values derived from the after preparing graphene films on SiO2 substrates stretched a 

photovoltaic efficiency of over 4.25 % and can be compared to FTO applied as electrodes [171]. 

In a bid to standardize and compare the various techniques, [172] analyzed over 20 studies 0f 

graphene material-based transparent electrodes. They related the material's conductivity and 

transmittance to the electrode characteristics by relating the material's dc conductivity (DC) to 

optical conductivity (Op) ratio [170]. According to their analysis, contact resistance between 

sheets severely restricts the reduced graphene oxide (DC/Op limit of 0.7), with larger sheets 

(such produced by the [123] approach or by CVD methods) obtaining greater conductivity as a 

result of fewer contact regions. They claimed that a DC/Op of 35 or higher is required to produce 

a 100 /sq film with a transmittance of 90%.  

They found that CVD-derived graphene has a higher suitability than a mosaic of sheets (DC/Op 

limit of 2.6), although it is still far since ideal on meeting commercial needs [167]. [172] pointed 

out that boosting the carrier concentration by substrate interactions or electronic doping can 

significantly increase the conductivity limit [170].  

Electronic-doping can take place by adsorbing electron-donating or accepting substances to 

sheets or by incorporating them into the graphene lattice. Chemicals frequently utilized for the 

latter electrical doping technique include HNO3 and SOC12. The sheet resistance of their TRGO 

films is reduced by electronic doping, bringing about a significant improvement but keeping the 
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resistance almost an order of magnitude higher than ITO films at 459 /sq at a transmittance of 

90%. [172].  

To obtain great performance, researchers have started using other methods, one of which is the 

creation of hybrid materials [153, 158, 173]. Chemically reduced graphene oxide (CRGOCNT) 

and graphene produced from CVD have been used to create hybrid films known as CRGO-

(silver nanoparticle) hybrid films. The best CVD-produced grapheme-based TCFs with good 

performance were identified by [166] over its metal nanowire films [167]. [174] created metal 

nano-grids (Au, Cu, and Al) with grid lines 100 nm thick and 5–10 μm wide, spaced 100–200 

μm apart. The grid was subsequently covered with CVD-derived graphene to create a continuous 

conductive network [173].  

Notwithstanding the achievements so-far, the technology's scalability and cost reductions 

continue to be a significant problem that warrants urgent study attention.  

The graphene-based photoanode of the DSSC is formed of graphene oxide (GO) and reduced 

graphene oxide, however, according to recent studies (rGO). These can be achieved in graphene-

based electrodes by varying the layer thickness, which will impact the electrode's quality due to 

the GO and rGO. As previously mentioned, the two most popu1ar methods for creating DSSC 

are thermal-reduction and chemical-vapor-deposition. In the meantime, rGO was created using 

the Langmuir-Blodgett method and modified FTO films in order to lessen charge recombination 

at the interface of TiO2 and FTO [162]. However, when it comes to large-scale preparation, the 

CVD method has drawn more attention. More researches are being conducted due to cracking 

brought on by decreased mechanica1 strength and a poor transfer procedure brought on by flaws, 

therefore the requirement for a high-quality preparation of graphene cannot ever be ignored. 

Additionally, catalytic reactivity frequently results in a high ratio of electron wastage, especially 

when the graphene surface is exposed to the electrolyte without adequate coverage, which is 

undesirable for a graphene electrode acting only as a current collector [148]  

 

2.4.2 Nanostructured Semiconductor 

Some other development is that nanocrystalline TiO2or other mesoporous or nanostructured 

semiconductors have the ability to make good contacts with graphene, which may improve 

charge separation and conduction. Photo stimulated electrons are typically injected into the 
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semiconductor in DSSCs from the sensitizer, where they diffuse into the current collector. 

Losses can be caused by a variety of things, including vo1tage drops in semiconductor Fermi 

levels and dye LUMO levels, ohmic resistance in the semiconducting layer, and recombination 

of injected electrons with dye or oxidized species of redox pair. Even more-of the semiconductor 

or current collector electron (i.e., FTO) can rejoin the electrolyte [167]. 

Due to the tendency of triiodide to combine with FTO, graphene has been used as a layer to 

block and prevent recombination as well as in the scaffolding made of TiO2. This has been done 

in order to increase photocurrent density and determine the reasons (such as light scattering, dye 

absorption, and improved transported e1ectron) for the observed improved performance [134].  

The practice of graphene in DSSC as a semiconductor-layer was first reported by [148], who 

used photocatalysis to reduce a composite of graphene oxide and TiO2 nanoparticles (TiO2 

particle diameter 10 nm) as a hurdle. This was done mainly since flat sheets could be deposited 

at low temperatures deprived of the use of hazardous chemicals, unlike the comm0n TiC14 

treatment, to provide a blockage in between FTO and triiodide. According to their results, there 

was a 7.6 percent improvement in performance comparing to a cell without a blocking layer.  

The outcome, however, revealed that there had been a significant reduction in light absorption 

from the film, from 85% to 78%, indicating that the method does not seem to be any more 

effective than the conventional TiO2 blocking layers. Nevertheless, several studies utilizing 

comparable methods have had success in this field and seen advancements [156, 158].  

As illustration, [156] attempted to use thermally reduced oxides of graphene as a blocking layer, 

which resu1ted in an approximately 8.1 percent efficient cell. This cell was more effective than 

one without a blocking layer (=7.2%) and better than one with their TiCl4 pre-treatment blocking 

layer (=7.5%). This improved performance was brought on by an increase in the photocurrent. 

Because graphene oxides and the FTO both act as non-conducting barriers to the 

recombination0f electrons, only extremely thin layers that permit tunneling will function 

effectively. As a result of this, only materials made of graphene can function as a blocking layer 

at their best, despite the fact that they ought to be less active for the redox mediator than FTO 

[167].  
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A more common application of graphene materia1\ls is their intentional integration into the 

semiconducting layer itself to improve the device's performance by guaranteeing that the 

photocurrent in the photoanode is boosted [134, 167]. By incorporating reduced graphene oxide 

into TiO2, dye absorption, charge separation, photogenerated electron transport, and rate of 

charge recombination can all be improved [74, 175, 176] found that graphene or its derivatives 

may mix with TiO2 nanoparticles to create bridges of graphene, speeding up the rate at which 

charges are carried, preventing charge recombination, and increasing the amount of light the 

device can collect [176]. Normally, the TiO2 layer in DSSCs is between 10 and 20 micrometers 

thick. As a result, in order to be received, electrons that are photogenerated on the back side must 

spread out to the front, a length whereby the order  is about 100 μm assuming a random walk. By 

tracking the transported electron and the rate at which the electrons recombine, one can estimate 

the efficiency at which it is received as a function of the electron diffusion length and the 

thickness of the film [167].  

Making sure that the transported electrons in TiO2 are improved during the sintering process will 

increase the length at which the diffusion occurs, which will boost the efficiency of collecting. 

Another approach to this is to shorten the length of the electron channel, which can be 

accomplished by incorporating finger electrodes within the layer of TiO2 [177, 178]. 

The principal particle size of the ITO or tin oxide utilized in the electrode materials, as-well-as 

the requirement to cover the conducting fingers with a blocking layer of TiO2 (at 1east 6 nm) to 

avoid recombination in the device, both significantly hurt these techniques [174]. Due to their 

atomic thinness and high aspect ratio, which gives a very low percolation threshold and can act 

as a collector of current with a small alteration of the TiO2 film shape, materials made of 

graphene have a distinct advantage over other materia1s in overcoming this [167]. That-kind of 

hybrid nanostructures create physical adsorption (physisorption), electrostatic binding, and 

charge transfer interactions between graphene and TiO2 nanoparticles, reduction of TiO2-

TiO2contact resistance [179] according to [180] explanation.  

The bridging graphene functions as a channel in which e1ectr0ns can be moved to increase the 

transportation of electrons from the conduction band (CB) of TiO2 at the anchor location fast, 

decreasing recombination. This is possible because graphene has a flawless conduction of 

electricity. When graphene or its derivatives is injected, it creates additional holes inside the 
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photoanode, which would be beneficial to increase light absorption and collection efficiency, 

leading to an improvement in DSSC performance [179, 180]. 

Numerous studies have used graphene materials in semiconductor films in various ways; some of 

the research stated that increasing the conductivity of TiO2 is the primary cause of the 

improvement [176]. Others, however, had the opposite opinion and said that the improvement 

was actually the result of increased dye loading and light scattering in the electrode, which had 

unexpected negative effects [134]. According to the findings, the photogenerated electrons are 

injected into the CB 0f TiO2 at the states in which they are excited, and improving the PCE of the 

DSSCs. Meaning, when graphene or its derivatives (e.g rGO) materials are present in surplus, 

PCE of DSSCs would be decreased because TiO2 was covered with excess graphene, which 

decreased the dye's ability to absorb light. However, increased reduced graphene oxide content 

will-also accelerate the recombination of electron-hole pairs in DSSCs rather of creating an 

electron route.  

2.4.3 Dye molecule (Sensitizer) 

The sensitizing dye typically performs two tasks: it absorbs light and transfers electrons to the 

semiconductor's conduction band. An effective sensitizing dye should have high extinction 

coefficient, great adsorption affinity to the surface of the semiconductor, and durability in its 

oxidized form. It should also have significant visible-range absorption [167]. Additionally, it can 

display higher positive highest occupied mo1ecular orbital (HOMO) energy than the redox 

potential of the electrolyte and lower negative lowest unoccupied molecular orbita1 (LUMO) 

energy than-the conduction band (CB) of the semiconductor, which is often TiO2 [134, 181]. Ru-

based dyes are expensive, which has forced researchers to look at less expensive substitute 

ingredients. Due to its tunable band gap, graphene or its derivative is being examined for dye co-

sensitization in a DSSC structure. As-a result, the usage of graphene or rGO has been a research 

priority for this purpose. Along with having a good band gap, reduced graphene oxide is 

effective in injecting electrons into TiO2.  

In DSSCs, graphene materia1s, often in the form of Graphene Quantum Dots (GQDs), can serve 

as light absorbers, according to recent studies [182, 183, 184, 185]. A graphene quantum dot was 

created by [176] using sixty benzene-rings with an absorption band at 900 nm, which covers all 

visible light; this material was used as light absorber in DSSC [184]. Poor interaction between 
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graphene and TiO2 was discovered to be the cause of the device's ineffectiveness. Hot injection 

including mu1tiple carrier-generation, however, have recently shown promise in terms of 

overcoming the Shockley-Quiessar efficiency limit present in existing device structures [167].  

Despite the stated underperformance of graphene in this application, renewed efforts to co-

sensitize dyes in a DSSC to increase device efficiency have been made after it was discovered 

that using GQDs alone cannot generate the necessary efficiency. By incorporating GQDs into the 

dye molecules, [186] found that the power conversion efficiency (PCE) increased from 5.1 

percent to 6.1 percent. The PCE of the device was increased from 1.92 percent to 2.12 percent 

when [187] used a DSSC with a co-sensitized dye molecule and GQDs. This improvement was 

attributed to the GQDs' co-sensitization effect [176, 186]. A photoluminescence behavior of the 

GQDs was shown by [169, 174] employing the GQDs as a co-sensitizer simply by oxidizing the 

herringbone-type carbon nanofibers combined with a variable ratio of N719 dye molecules.  

The findings of both tests suggested that the GQDs exhibit up-conversion photoluminescence 

properties, with an emission band of around 525 nm and a wavelength ranging from 600 to 750 

nm [169]. This shows that the up-conversion ability increases the efficiency of the dye molecule 

from 7.28 to 7.95 percent by transferring a longer wavelength of photon energy to the area of 

highest efficiency.  

The usage of GQDs as a co-sensitizer continues to draw attention as researchers look for new 

ways to mix it with other materials and experiment with different ratios to increase the cell's 

effectiveness. The GQDs therefore enhanced the dye performance at various dye concentrations 

and light wavelengths. PCE has been considerably improved by using polymerrs, N3 or N719 

dyes, or even by modifying the size of the GQD.  

However, in order to overcome the inherent constraints of traditional devices, scientists must 

combine an ultrafast process of injection with these quantum phenomena of graphene.  

  

2.4.4 Characterization of Reduced Graphene Oxide 

Several characterization techniques are employed for reduced graphene oxide-based or rGO 

materials. They include; Raman spectroscopy, Fourier transform infrared spectroscopy (FTIR), 

X-Ray diffraction (XRD), Energy dispersive X-ray (EDX), scanning electron microscopy 
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(SEM), ultraviolet-visible spectroscopy (UV-vis), etc. Raman spectroscopy so far has been one 

of the best tools to investigate the structure and quality of graphene [188].  It is a strong, rapid, 

sensitive and non-destructive analytical approach that provides qualitative and quantitative 

information for graphene-based catalysts. It is considered the standard tool to characterize 

graphene-based catalysts, as it is adopted by most researchers working on graphene-based 

materials. Generally, graphene has six normal modes and two atoms per unit cell at the so-called 

Brillouin zone center (Γ), where (Γ) = A2u + B2g + E1u + E2g. Especially, the E2g phonons are 

active in Raman spectroscopy. The three predominant features of the Raman spectrum for 

graphene are the D peak (at 1320–1350 cm−1), the G peak (at 1580–1605 cm−1), and the 2D or 

named G’ peak (at 2640–2680 cm−1) [189]. X-ray diffraction (XRD) is another informative tool 

for investigating the crystalline structure, of graphene and an important parameter for catalyst 

[190].  These techniques are employed to estimate the size and distribution of loading sites and 

in turn to assess the catalytic sites dispersion, which governs the catalytic performance of a given 

material to a great extent. Scanning e1ectron microscopy (SEM) is carried out to visualize the 

morphology and structure of graphene-based catalysts, which provides lots of information to 

rationalize their catalytic performance [191, 192], while Energy dispersive spectrometry (EDS) 

provided with FE-SEM is usually used for elemental composition survey. one of the important 

functions of X-ray diffraction (XRD) in characterizing graphene-based catalysts is to confirm the 

reduction of GO to graphene while ultraviolet-visible spectroscopy (UV-vis) is the most 

convenient way to confirm the successful synthesis of graphene oxide. The graphitic structure 

shows an absorption peak at ~262 nm while a mono1ayer of GO exhibits absorption at ~230 nm 

in UV-vis spectrum, which is attributed to the π–π* transitions of aromatic C–C b0nds.  Based 

on this difference, one can easily determine the quality of their “GO” products [193]. 

2.4.5 App1ication of Graphene Based-or rGO Counter Electrode in-DSSC 

The following requirements must be satisfied in order for-the redox-mediators in the-DSSCs to 

effectively transport charge: (i), the redox species must be able to diffuse easily between the 

anode and the cathode; (ii) dye regeneration via the reduced species must occur more quickly 

than from the semi conducting scaffold; and (iii) the rate of redox species reduction must occur 

slowly at the anode and quickly at the cathode. Due to its high activity and simple way of 
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manufacture, particularly when utilizing iodide/triiodide as a mediator, platinum has become 

widely used as counter electrodes in DSSCs. Platinum is deposited on the FTO of the cell [187]  

Moreover, there's been some questions about whether platinum is stable when employed in 

DSSCs because of the performance drop after more than 11,000 hours of testing [194]. 

Meanwhile, because producing platinum in low-cost DSSCs at high temperatures has a 

significant cost [167], other methods have been explored to use-carbon black and graphite as its-

counter electrode. After the introduction of graphene-based materials in 2008, a plethora of 

studies showing the effectiveness of various graphene materials as a stand-in for effective-

performance and counter electrode optimization-of DSSCs have been conducted [195]. The 

graphene material for each counter electrode and its platinum-based counterpart were compared 

in Tab1e 2.1, as shown below. Since 2008, a huge amount of research has been published to 

examine how the degree of reduction affects the catalytic performance [156,196, 197, 198]. 

These-studies discovered that the movement decreased when the temperature of the porous 

CRGO films' thermal annealing activity was raised to 400 °C in air.  

The RCT result for the T-CRGO film at 400 °C revealed that it was approximately 280 times 

greater than that heated to around 250 °C, while Choi et al., (2011) reported the lowest and was 

comparable to the-treatment reported-above by [196]. Other study done by [197] showed that 

RCT for CRGO that was thermally treated at very high temperatures of about 600 °C gradually, 

of which was-the highest employed throughout their-research, monotonically declined [196]. 

Another work by [198], however, demonstrated a similar improvement in performance by 

lowering the temperature of the graphene oxides, with films (20 m thick with 5% polyvinylidene 

fluorine, PVDF) annealed at 700 °C displaying an RCT of 22Ωcm2 [197].  

 Relatively inert materials have restrictions, and to get around them, it's necessary to chemically 

adjust the material's intrinsic activity, which will raise it. This is usually done by increasing the 

size of the pores and the area of the material [167]. The amount of material utilized must be 

increased, and the film to be used must be thickened, in order to improve the morphology.  

In a previous study, vertically oriented and a horizontally oriented CRGO utilizing 

electrophoretic deposition and spin coating techniques were developed respectively [199]. The 

results suggested that the mobility of the ion and the accessible area of its surface was high in the 

system by showing that the activity of the vertically oriented CRGO was greater.  
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However, since NiCl2 is used in the deposition process, it is important to note that the reaction's 

improved performance as a result of the 1 weight percent of Ni that was deposited throughout the 

reaction cannot be disregarded [167].  

According to earlier study by [200], when CRGO in poly (ethylene glycol) is ground, the 

polymer produces films with greater pore spaces (by ∼1 nm) is thermalized and DSSCs with 

higher efficiencies (η=7.2 %) than those created from ultra-sonicating CRGO in the polymer 

(η=5.2 %) [201]. Conversely, these devices still did not match the performance of those using 

platinized FTO (η=7.8 [167]. In other to increase the area of the surface of the electrodes, [202] 

was the first to create a NiCl2 −poly (vinyl alcohol) film after which pyrolysis was done on it to 

produce a substrate of nickel which is porous. This was made possible by the use of CVD, and 

the metal scaffold was later etched to produce graphene structures with porous pores with a 

diameter of roughly 40–50 nm.  

A different approach was used by [203], who made the RGO sheets separate from one another to 

increase the surface area. SiO2 particles with a diameter of 12 nm were utilized as spacers to 

increase the CRGO film from a specified area of 8.6 to 383.4 m2/g [204]. Despite the 

achievement that has been achieved thus far, platinized FTO performed around 6% better than 

the thin film made using spacers. On the other hand, [205] were able to equate the platinized 

FTO's performance with an efficiency of 6.8% for both. This was accomplished by partially 

thermalizing an ethyl cellulose binder that was used to doctor cut a TRGO film. As a result of the 

insoluble residue that was left behind, the restacking of the TRGO films was disrupted [203].  

It has been intensively investigated on how to improve its features through the process of 

hybridizing graphene materials and polymers. These qualities include conductivity, durability, 

adhesion, and catalytic activity. The employment of Nafion and polyvinylpyrrolidone binders in 

TRGO films is a typical application, but significant catalytic limits were discovered, resulting in 

its porosity being quite low. Another involved using four-layered, HNO3-doped CVD-derived 

graphene as a conductive substrate for approximately 110 nm po1y (3,4-ethylenedioxythiophene) 

(PEDOT) films [167]. Additionally, polyanaline and polypyrole polymer nucleation have both 

used rGO as a scaffo1d [167, 204]. Only a few studies, among many others, have been able to 

use graphene materials to equal the performance of platinum as a catalyst.  
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Although pristine graphene or CRGO performs better than TRGO formed at very high 

temperatures, the need for large-area networks of graphene materials is due to the availability of 

the iodide/triiodide redox pair [167]. Additionally, this function can still utilise thick layered 

materials, but the electrodes may become constrained as a result of diffusion across a porous 

network, leading to opaque fi1ms. When sulfur and cobalt-based mediators are used, other types 

of graphene may be suitable; however, the TRGO material will only need a small number of 

ingredients, and the presence of defect sites and edges makes it possible to incorporate a cata1yst 

into it. The TRGO turns out to be the most promising method because of the nanoparticles at the 

fault spots and edges [206].  

2.5 Economic Viability and Opportunity of DSSC 

The recent global energy crisis has identified solar cells as key contributor to meeting the global 

energy need and combating climatic change, while tending towards a greener globe [207]. Solar 

cells or photovoltaic cells which converts sunlight into energy has been proven to be an effective 

and ecofriendly method deployed to solve the problem of fuels oil and gas shortage. They 

convert energy from solar radiation directly into electricity by stimulating electrons (negative 

charges) in a layer in the cell designed to give up electrons easily, when sunlight (photons) 

strikes the PV cell. This is achieved with key components of the photovoltaic system which 

includes PV modules, Inverter, Balance-of-system (BOS) components (e.g., combiner box, 

transformer, and meter) [208]. 

 

Figure 2.3: Components of a PV System [208] 
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Several type of solar cells such as organic dye solar cells, single and multiple crystal silicon solar 

cells, non-crystal silicon solar cells are used in harvesting the solar power, although solar cells 

from silicon crystal material are the most commonly used. Nevertheless, solar cells made from 

silicon crystal materials are very expensive when considering the cost of production compared to 

organic solar cells. This is because the most commercially available material of solar cell is 

si1icon based i.e.  based on inorganic silicon semi-conductor, thus increasing the demand for 

silicon material. This has made dye-sensitized solar cell (DSSC) which is an organic solar cell a 

very promising and cost-efficient alternative for photovoltaic production [209, 210, 211]. DSSC 

has also gained great attention in the photovoltaic market due to its eco-friendliness, un1ike 

silicon solar cells which produces environment-unfriendly waste. They are seen as an 

economically credible alternative concept to present day p–n junction photovoltaic devices.  

Dye-sensitized solar cells also known as Gratzel cells are seen as low-cost solar cell belonging to 

the group of thin film solar cell [208], which was discovered by Gratzel in 1991. Although, in 

early 1970s, it was first employed with the use of oxide semiconductors and dye-based sensitizer. 

It is based on a semiconductor formed between a photo-sensitized anode and an electrolyte, a 

photo electrochemical system. Thus, DSSC is a unique cell that converts visible light into 

electricity based on sensitization of semiconductor’s band gap [30]. The performance of DSSC is 

particularly dependent on the dye used as a sensitizer. That is, unlike conventional systems 

where the semiconductor carries out both the functions of light absorption and charge carrier 

transport, the two functions are separated. In Dye-sensitized solar cell, the light is absorbed by a 

sensitizer, which is anchored to the surface of a wide band semiconductor. The recent findings 

and progress realized in the fabrication and characterization of nanocrystalline materials has 

opened up new opportunities for these systems. Unlike other thin-film cells, dye-sensitized solar 

cells do not degrade in sunlight over time. This characteristic makes the cells last long, and may 

not require frequent replacements. Also, other advantages of DSSC like low cost, flexibility, 

ability to work at wider angles and in low light, high efficiencies at high temperatures compared 

to conventional solar cells; which gives them the ability to operate at lower internal temperatures 

mechanical robustness, availability supply of raw materials, non-environmental risk, and great 

performance at diffuse light and multicolor options has made them an attractive alternative in 

traditional solar cells [207, 208]. 
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Figure 2.4: Performance of dye sensitizes photovo1taics increasing with increase temperature 

compared to silicon-based photovoltaics [212] 

 

Although, DSSC is seen as a very promising alternative for silicon solar cells, researches have 

proven that the efficiency which is a major concern of the system could be increased by 

optimizing the individual parts of the cell.  DSSC comprise of a porous layer of titanium dioxide 

(TiO2) coated photoanode, a monolayer of dye molecules that-absorbs sunlight, an electrolyte for 

dye regeneration and a cathode. They are sandwiched with-the dye molecule or photosensitizer 

playing a vital role absorbing the visible light photons. Thus, increasing the efficiency of the cell, 

a significant amount of research on DSSC has been focused on designing and optimizing the 

photosensitizer in order to absorb a wide spectrum of wavelengths and increase the efficiency of 

the solar energy conversion [213, 214].  Reviews show that graphene materials can-be used as 

transparent-conductors, in semiconducting layers and as dye sensitizers to improve the efficiency 

of the cell [1]. 

However, the overall efficiency of dye sensitized solar cell is found to be proportional to the 

electron injection efficiency in the wide band gap nanostructured semiconductors. This 

photosensitization created by the dyes on wide band-gap semiconductors is due to the dye 

absorption of part of the visible light spectrum [214, 215]. This finding gave researchers 
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overtime to sort for a replacement for both porous and TiO2 nanoparticle based solar cells and 

zinc oxide ZnO2 nanowires have been used [216]. Also, metal complex and man-made 

sensitizers have been proposed [217]. However, processing and synthetization of these 

sensitizers are complicated and costly processes [218, 219, 220], thus the use of natural dye 

extract as sensitizers. Natural dye extracts have been found to provide natural, nontoxic and low 

cost dye sources with high absorbance level of UV, visible and near IR which is greatly desired. 

Sources like Bahraini Henna (LawsoniaInermis L) and Bahraini raspberries (Rubus spp.) as a 

natural dye sensitizer of TiO2 nanostructured solar cell have been reported in various research 

work (Jasim and [221, 222]. The use of natural pigments as sensitizing dye for the 

transformation of solar to electric energy is very remarkable with economic advantages as well 

as and in addition, it has important advantages from the environmental perspective. DSSCs thus 

has become more interesting since a large collection of dye including natural dye can be used as 

light harvesting elements to provide the charge carriers [223]. 

 

2.5.1 Efficiency of DSSCs 

To improving the efficiency of dye sensitize solar cells (DSSCs), tremendous efforts in research 

have been put in place to increase the efficiency of the solar energy conversion, which is often 

based on the degree of undesired charge recombination, electron injection efficiency, and light 

harvesting efficiency. For solar devices, achieving high efficiency is always the primary goal. 

For DSSC, the overall energy conversion efficiency (η) of 11.0 % has been achieved at AM 1.5 

[224]. The Voc must be improved by reducing charge recombination between the redox couple 

and the injected electrons in the TiO2 CB, between the oxidized sensitizer and the injected 

electrons in the TiO2 CB, by increasing the electron injection efficiency, by increasing the TiO2 

ECB, by downshifting the redox, and by using tandem DSCs [225] (Zhijun Ning, 2010).  

The following aspects of sensitizers should be taken into account in order to decrease charge 

recombination. On the TiO2 surface, it should first create a compact blocking layer. Second, it's 

important to avoid the unfavorable complexation between the sensitizer and iodide. Thirdly, to 

prevent charge recombination between the injected electrons and the oxidized sensitizer, the 

electron donor unit should be dissociated from the TiO2 surface. Molecular aggregation should 

be avoided, and the LUMO of the sensitizer should closely match that of TiO2 in order to 

increase electron injection efficiency. Ultimately, strong electron donor and acceptor groups 
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maybe a viable option to enlarge the sensitizer's absorption spectra. Additionally, it is 

encouraged to use several electron donor substituents as long as the oxidized sensitizer can be 

successfully reduced by the redox pair. The rapidly evolving organic sensitizers have promise for 

improving Voc and efficacy through fine molecular customization. The film morphology has an 

impact on DSSC performance as well [64, 226]. Large particles are needed to improve red light 

absorption by light scattering, whereas nanoparticles are necessary to increase surface area and, 

consequently, the amount of dye. Because they work against one another, increasing surface area 

and light scattering cannot be done at the same time. Consequently, there needs to be harmony 

between them. A multilayer structure was used to achieve an energy conversion efficiency of 

10.2 percent. Such a balance was effectively achieved by fine-tuning the layer structure. Other 

dyes can also benefit from the multilayer structure's enhanced photocurrent and light harvesting 

efficiency. A more advanced multilayer structure with gradually increasing particle size from the 

most inner layer is desired to disperse the red light more effectively [64, 227].  

2.6 Improvements in Research and Development in DSSCs  

The Dye sensitized solar cell which was invented Michael Grätzel and Brian O’Regan in 1991, 

showed an improved conversion efficiency of 7.12% using black dye and an efficiency up to 10 

% using Ru-based dye. This attracted it to many researchers who sort ways to enhance the 

efficiency of the cell, with great progress achieved over the years. Photosensitizers which is an 

important part of DSSC can go a 1ong way to improve the efficiency of the cell by choosing an 

efficient dye [227, 228, 229]. The efficiency of the cell is greatly affected by the use of a good 

photo sensitizer. The use of sensitizers having a broad absorption band in conjunction with oxide 

films of nano crystallized morphology permits to harvest large fraction of sun1ight. So far 

Ruthenium and Osmium have been identified as sensitizer with highest conversion efficiency 

and long-term stability [230]. Metallic dyes are frequently researched out when considering dyes 

whose absorption can be extended in the near infra-red (NIR). This is because metallic dyes is 

more stable and efficient and are also better in its higher absorption properties [231]. 

 

Several researches have also come out with ways to improve the conductivity of titanium dioxide 

through various morphological control, such as formation of nanotubes, as well as to coat the 

surface of titanium di oxide with different types of oxides. Incorporation of carbon nanotubes 
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and graphene sheets into semiconductor electrodes have shown improved performance of DSSC 

[228, 229, 230], with 44 % increase in short circuit photocurrent and 18.7 % overall energy 

conversion have been achieved [(232, 233]. Using carbon base material like multiwall carbon 

nanotubes (MWNTS)/graphene nanotubes (GNS) as counter electrode in DSSCs showed a 

maximum power conversion efficiency of 4 % with 60 % MWNTS and 40 % GNS [233, 234].  

Graphene aerogels as counter electrode showed efficiency close to that of platinum electrode 

achieved. With the introduction of Titania Aerogels, a class of mesoporous 3D structure, a power 

conversion efficiency improvement of 16 % (7.22vs 8.36 %) is achieved as compared with P25 

%- TiO2 based cells [233, 235]. Also, researches were carried out on 3D electrode fabrication to 

improve electron collection, hence enhancing cell performance. Electrodes derived from sol-gel 

synthesized nanoparticles of TiO2 showed higher photoelectric conversion efficiency [236].  A 

TiO2 double layer composite film on sponge like TiO2 as over layer and commercial grade 

nanoparticles P25 as under layer showed overall efficiency 0f 5.48 %, which is 51.4 greater than 

that of P25 nanoparticles film [235, 237]. Attachment of a hydroxyl group on the nanocrystalline 

TiO2 photo electrodes was reported to show enhanced performance. This was because of the dye 

absorbed on OH group of the electrode [238]. Apart from titanium oxide, zinc oxide dye solar 

cells also showed improved performance up to 4.38 % after surface treatment through the 

incorporation of Zn2SnO4 quantum dots on ZnO nanoparticles [212].  

 

2.7 Benefits of Using DSSCs 

2.7.1 Advantages of DSSCs 

Dye-sensitized solar cells is comprised of the succeeding leading advantages: 

Production: DSSCs are easy to produce. They can be produced in a simple way which is cost 

friendly. They have a significant benefit in terms of production costs because they don't require a 

vacuum system for manufacturing. Compared to the cost of producing silicon solar cells, it cuts 

the manufacturing cost of production in half [239, 240]. 

Colour and transparency: Dye sensitized solar cells involve the use of dye which allows wide 

selection of colored cells and transparent cells. This is unlike conventional solar cells that are 

opaque with limited colours [245] 



 46 

Flexible and thin-structure: By employing aggregates of tiny particles of photoelectric 

conversion materials, flexible thin films of DSSCs can be created.  

Light weight: Plastic substrates can be used to minimize the weight of solar cells and panels. 

Dou to its light weight, dye-sensitized solar cells can be installed in locations where visibility is 

centra1 and other solar cells are not applicable, such as the glass panes and outer and inner walls 

of a building, the sun-roof and outer panels of an automobile, and the enclosure of a mobile-

phone. This allows the creation of new markets with high demand [241, 243]. 

Light absorption: Because nanoparticles are utilized, they can almost completely absorb 

sun1ight's photons. These solar cells effectively transform photons into electrons thanks to the 

dyes they use. Fluorescent and diffuse sunlight can both be absorbed by DSSC. These can 

therefore function effectively under overcast conditions. All those are useful for running small 

devices indoors because of their low cut off. They are less frequently replaced because they last a 

long time [241].  

Dye-sensitized solar cells are environmentally friend and recyclable. They don’t exhibit 

detrimental substance as a cell component material. Also, the materials are easy to separate and 

get back, which is of an advantage in-view of a recycling and reuse framework for solar cell 

[242, 244]. 

Flexible and Thin Structure; by using aggregates of fine particles of optical conversion materials, 

the solar cells can be formed as a flexible thin film. No Need of Incident Angle and Intensity of 

the Sunlight. Compass machine is not required here to find the incident angle and the best 

position for the intensity of sunlight as required in traditional solar cell installation [247]. 

 

2.7.2 Commercial Application/ Opportunities of DSSC 

The first commercial application of dye sensitized solar cells DSSC was in 2009 by G24 

innovations. In Hong Kong, they were utilized in bags and backpacks. These backpacks and bags 

feature solar panels that may collect energy to recharge portable electronics like mobile phones, 

e-books, cameras, and LED lighting systems. Cell phones, cameras, and other portable 

equipment could all be recharged. This is because of the lightweight and flexible nature of dye 

sensitized cells. Their light weight allows them opportunity to be designed as indoor colorful 
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decorative elements. Flexible dye sensitized solar modules also opens opportunities for 

integrating them with many portable devices, baggage, gears, or outfits [246]. 

 

 

Figure 2.5: DSSC used for Decorative Purpose [248] 

 

Figure 2.6: DSSCs used as Bag Packs [248] 
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Figure 2.7: DSSCs used as Outfits [248] 

As a result of their unique advantages, power window and shingles are prospective app1ications 

in building integrated photovoltaics BIPV. The Australian company Sustainable Technologies 

International has produced electric-power-producing glass tiles on a large scale for field testing 

and the first building has been equipped with a wall of this type.  

 

Figure 2.8: DSSCs used in Walls [248] 

In power generation, dye sensitized modules with efficiency of 10% are attractive choice to 

replace the common crystalline Si-based modules. In 2010, Sony announced fabrication of 
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modules with efficiency close to 10% and hence opportunity of commercialization of DSSC 

modules is attainable.  Solar cells are beginning to gain commercial grounds in most continents 

in the world because of the opportunities that comes with it [248]. It is being incorporated into 

new technologies in continents like Asia, Australia, America Europe, as most laboratories and 

companies record success in demonstrating various sizes and colors in a series-connected dye 

solar cell module in many international exhibitions and conferences, thus reflects the potential 

role of dye sensitized solar cells systems and the opportunities it brings to PV technology. 

Companies like Toyota has successfully installed their dream house wall with outdoor DSSCs 

modules. 

DSSCs has gained commercial values with the various opportunities it avails the photovoltaic 

market, however, availability of nonvolatile electrolyte is an issue with commercialization of 

single or multi-junction modules.  Polymer (solid) electrolyte, hole conductor, and solidified 

ionic liquids are solvent free choices with high electronic conductivity and chemical stability 

[248].  The key to high power heterojunction DSSC is to increase the effective diffusion length 

of electron within the nanostructured electrode by increasing the mobility of hole conductor or 

the extinction coefficient of the sensitizer to ensure more efficient light harvesting action. Since 

heat and UV light degrade cells performance, development of heat sink and optimized low-cost 

UV coating is a must for outdoor applications. The successes in development of flexible 

substrate, solid electrolyte, and spectrally broad absorption range of nontoxic dyes will 

potentially open the possibility of role-to-roe mass production of dye sensitized solar cells and 

modules. Molecu1ar engineering of efficient and stable organic sensitizers is an open invitation 

for many research groups, the successes in this area is expected to advance production and 

commercialization of DSSC [148]   

2.7.3 Environmental Benefits of DSSCS 

The materials and components used in fabricating DSSCs are environmentally friendly and has 

zero effects on our ecosystem [249]. The ability for its individual components to be separated 

after fabrication is feasible and as such making it possible to be recycled thereby allowing other 

solar cell panels to use them [244] 
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Economic Viability 

Photovoltaics over the years have proven itself to be a mature and reliable source of electricity 

supply, best alternative to fossil fuels, rapidly approaching grid parity. 12 PV has made 

remarkab1e progress in reducing costs although attaining grid parity still seem a bit far away, 

although could be attained considering the rapid increases with fossil fuel prices and continuing 

cost reductions in PV modules. Also, regions with lower electricity production costs, moderate 

solar resources may achieve grid parity as early as 2020 [250, 251, 252]. Despite the market 

share of solar energy which is still low as seen with the current electricity generation from 

photovoltaics which is only 2.6 GW compared to 36.3 GW for all renewable energies excluding 

hydroelectric power [253], Solar energy or energy from photovoltaic cells has a great potential of 

meeting the worlds’ energy need if properly deployed.  In the United States, it was reported by 

researchers that covering the land surface of 180 km square with photovoltaics could be able to 

satisfy the total electricity demand of 418 GW in 2002. Seeing that this surface represents 0.35 % 

of the total land area and roughly corresponds to the surface covered by roads in the country. Her 

electricity could hence by covering the paved roads with photovo1taic (PV) modules. However, 

this cannot be applicable in most countries as land is an important factor and other issues linked 

with deployment of these cells. Some of the causes of the slow dep1oyment of photovoltaic cells 

are: 

Cost: The current relative high capital cost per kW installed compared with other fossil fuel 

based and renewable technologies has been a major concern with large deployment of 

photovoltaics.  More effort with the recent advances in research has been put into improving 

efficiencies while reducing the manufacturing costs, and this is a great challenge that requires 

investment of larger financial and intellectual resources to find innovative solutions. The current 

high capital cost of PV technologies compared to fossil fuels is a major barrier to large-scale 

deployment of solar energy. The price of electricity from solar energy, as reported by the IEA, 

ranges from $0.35/ kWh to $0.60/ kWh for solar PV and from $0.085/ kWh to $0.135/ kWh for 

solar thermal, compared to $0.045/ kWh - $0.055/ kWh for wind and $0.040/ kWh for natural 

gas [254, 255] The price of the active material, the manufacturing, and the Balance of System 

BOS are the key elements used in determining the total price of PV technologies. Recent 

researches have been exploring new processes for producing low-cost photovoltaic cells and 
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these technologies are believed to have the potential of bringing down the cost of solar energy to 

$0.03/ kWh - $0.05/ kWh [256].  This is why organic-based photovoltaics (OPVs) are an 

alternative to present-day p-n junction photovoltaic devices for reducing the cost of solar energy. 

They can be deposited on lightweight, flexible and low-cost plastic substrates and thus have the 

potential to drop the manufacturing and installation cost by 10 to20fold. The manufacturing cost 

for organic photovoltaics can be very low using semiconductors and low-cost materials such as 

plastic substrates and polymer alternatives to Transparent Conducting Oxide (TCO) electrodes. 

This can bring down the cost as significantly below $1/ W [257].  

Efficiency: Over the past 30 years, solar cell efficiencies have continuously improved, but 

despite the notable progress made in the improvement of the efficiencies of all these 

technologies, achieved values are still far from the thermodynamic efficiency limits of ~31 % for 

single junctions 6.50 % for 3-cell stacks, impurity PVs, or up- and down converters, and 54-68 % 

for hot carrier- or impact ionization-based devices [258]. Furthermore, the efficiencies of 

commercial (or even the best prototype) modules are only about 50 % to 65 % of these 

“champion” cells [258] Closing these gaps is the subject of ongoing research.  

Environmental Aspects  

Solar energy has gained a lot of advantage in this area as it is being promoted as a sustainable 

energy supply technology because of its renewable nature, that is the renewable nature of solar 

radiation and the ability to generate greenhouse gas-free electricity throughout their lifetime 

[259]. 

Dye-sensitized solar cells are environmentally friendly and recyclable and do not have harmful 

substance as a cell component material. The materials are comparatively easy to separate and get 

back, which is advantageous in view of a recycling and reuse framework for solar cell panels 

[260]. However, the energy requirement and the environmental impact of PV module 

manufacture can be further reduced, even though recent analysis of the energy and carbon cycles 

for PV technologies recognized that strong improvements were made both in terms of energy and 

carbon paybacks.  
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2.7.4 Financial Cost Analysis 

The cost of the electricity generated by a Photovoltaic system is determined by the capital cost 

(CAPEX), the variable costs (OPEX), the level of solar irradiation, the efficiency of the solar 

cells and discount rate. The capital cost, the cost of finance and efficiency are the most important 

among the listed parameters and improvements in these parameters provide the largest 

opportunity for cost reductions. The capita1 cost of a Photovoltaic system is composed of the PV 

module cost and the Balance of system (BOS) cost. The PV module is the interconnected array 

of PV cells and its cost is determined by raw material costs, notably silicon prices, cell 

processing/manufacturing and module assembly costs. The BOS cost includes items, such as the 

cost of the structural system (e.g. structural installation, racks, site preparation and other 

attachments), the electrical system costs (e.g. the inverter, transformer, wiring and other 

electrical installation costs) and the battery or other storage system cost in the case of off grid 

applications.  However, the accurate cost as pertaining to PV modules are at times most difficult 

to obtain as there is a wide variation of prices based on the cost structure of the manufacturer, 

market features and module efficiency as shown in Figure 2.9 

 

Figure 2.9; PV Modules Price and their Cost Structure [261] 
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Figure 2.10: Cost Breakdown Showing PV Module Cost and Balance of System BOS Cost [262]. 

BOS cost reduction 

As earlier states that the balance of system cost including the cost of installation play important 

roles in the reduction of photovoltaic module cost. Among the BOS components, the cost of the 

inverter is generally known but not the case for the other components like the electrical, 

structural and installation costs, which could vary depending on labour costs and other local 

conditions.   The most important factors to reduce BOS and installation costs are outlined below.  

Electrical system improvements; which start with efforts to improve the design of the inverter. 

Historically, inverter costs have trend down with PV module costs. one interesting area of 

development and cost reduction is the use of micro-inverters that is directly integrated into the 

PV modules, which also reduce the installation cost. Also important for both inverters and 

microinverters are efforts to increase the lifetime from today’s 5-10 years which is significantly 

shorter than the lifetime of the PV system life. All of these efforts are projected to reduce the 

cost by half of the inverter costs by 2020 [263].  

Structural system improvements; which include downsizing of the structural components. This 

could yield up to 40% of the BOS cost reductions. Efficient designs to minimize the impact of 



 54 

wind loads could result in significant reduction in the structural costs by allowing lighter, 

cheaper structures [262].  

Installation costs can be reduced with continued experience, increased market scale and 

competition. Process automation and high-level pre-assembly and standardization could reduce 

labour costs for installation by up to 30% [262].  

Standardization and economies of scale will help reduce component costs by high volume 

manufacturing of BOS components. The potential cost reduction is large, as most BOS 

comp0nent manufacturers today are small companies. large companies are pursuing important 

economies of scale strategies to remain competitive [263], Costs of low-carbon generating 

technologies, Mott MacDonald, Bristol. 
 

2.8 Challenges Associated with DSSCs 

0ne of the major challenges with DSSCs is its low conversion efficiency. Many researchers have 

attempted to resolve this prob1em, by increasing the surface area of TiO2 photo-electrodes used 

in the DSSC. The main causes of low efficiency in DSSCs are: low red and near-IR absorption, 

low extinction coefficient requires high surface area, redox couple has slow recombination 

kinetics, but it has unnecessarily large over potential, Poor contact between the electrodes and 

Degradation of electrolyte properties due to UV absorption of light [248]. 

 

2.8.1 Concluding Remarks 

As a result, not only does the widespread use of solar technology for energy generation 

necessitate the engagement of political and economic actors, but it also calls for increased 

conversion efficiency and lower manufacturing costs.  

The search for affordable organic solar energy has been ongoing, and dye-sensitized solar cells 

(DSCs) have emerged as one of the most promising technologies going forward because they 

currently have the best energy conversion efficiency. In spite of their lower efficiency output 

when compared to silicon sun cells, dye sensitized solar cells have attracted a lot of attention in 

recent years due to their inexpensive production costs, ease of fabrication, lighter weight, 

envir0nmental friendliness, and recyclable features.  
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The fundamental processes by which photon energy is converted into electricity—photon 

absorption, charge carrier production, charge separation, and charge transport—present problems 

for all of these technologies. For these technologies to become more effective, stable, and 

dependable, fundamental research as well as technical progress are essential.  
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CHAPTER THREE: METHODOLOGY AND EXPERIMENTAL PROCEDURES 

3.0 Introduction 

This chapter aims at fabricating DSSC using photoanode based on graphene/Ni Substrate in 

order to improve the efficiency of the dye sensitized solar cell. This chapter presents procedures 

for the preparation and characterization of graphene/reduced graphene oxide, as well as 

fabrication of the dye sensitized solar cell with reduced graphene oxide coated with FTO/ TiO2 -

RGO. Solar simu1ation and stability test was carried out on the fabricated dye sensitized solar 

cell in order to determine its effectiveness and outdoor stability.   

 

3.1 Research Methodology  

The synthesis of the graphene was carried out using Aeroso1 Assisted Chemica1Vapour 

Deposition (AACVD) method (The Hummer's Method was used to synthesized reduced 

graphene oxide (rGO) whi1e the synthesis of mesoporous TiO2 -rGO Composite was carried out 

using spin coating/screen printing. The composite was characterized using UV-Vis, SEM/EDX, 

and XRD. 

 

3.1.1 Materials 

The materials used for the synthesis and evaluation of graphene oxide and reduced graphene 

oxide include; fluorine-doped tin oxide-coated glass (FTO) slide, di-tetrabutylammonium, cis-bis 

(isothiocyanate), bis (2, 2’-bipyridyl- 4,4’dicarboxylate) ruthenium (II), Roselle dye as natural 

dye, Sulfuric acid-(H2SO4, 98 %), phosphoric acid (H3PO4, 85 %), potassium-permanganate 

(KMnO4, 99.9 %), hydrogen-peroxide (H2O2, 30 %), hydrochloric acid (HCl, 37 %), absolute 

ethanol (99.5 %), acetone, and hydrazine. Also, the materials/instruments used for the 

characterization are: X-ray Diffractor (XRD), Scanning Electron Microscopy (SEM), Energy 

Dispersive X-ray (EDX), and Diffuse Reflectance-Ultraviolet visible spectroscopy (DRS UV-

Vis). The materials used for the transformation of tin acetylacetone transformed to tin (IV) oxide 

are: tin acetylacetone (Sn(acac)2), ethanol (C2H5OH), sodium hydroxide (NaOH), hydrochloric 

acid (HCl), and deionized water. 
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3.2 Synthesis of FTO layer by AACVD Method 

In order to spray the film with tin (iv) oxide (SnO2), the experiment began with the synthesis of 

tin acetyl acetonate as precursor. This was prepared by dissolving 2 g of acetyl acetonate and 1 g 

of tin (iv) chloride (SnCl2) in 50 ml of HCl. For the SnO2 thin films the precursor solution was of 

stannic chloride (SnCl4.5H2O). Stannic chloride concentration of 0.1 mol·dm−3 was dissolved in 

a 25 ml of ethanol (99.8 %) to form tin (iv) oxide [293]. A watch glass was placed over the 

solution to prevent evaporation and reactions with moisture. The solution was then heated for 5 

minutes at 63oC with the help of a magnetic stirrer to improve solubility.  

A mechanical syringe with 1 ml volume was used to measure the acetyl acetonate, which was 

held over the glass slide by the AACVD machine.  There was care taken to avoid diminishing the 

volume of the solution because the flow rate (speed of deposition) was affected by the height of 

the solution (the larger the volume of the so1ution, the higher the flow rate). The automated 

syringe was refilled after each 0.1 ml reduction. However, steps were taken to prevent the 

syringe from been blocked. This procedure was repeated for 0.2, 0.4, 0.6, and 0.8 ml of tin 

acetylacetonate solution. 

Each of these quantities were deposited onto a different glass slide, which was then evaluated for 

conductivity after each volume was deposited. Prior to deposition, the glass substrates were 

maintained at room temperature. To compare the slides to the f1uorine doped tin oxide, the slides 

were taken to the laboratory for analysis. Ammonium fluoride was used as the dopant to create 

FTO (fluorine tin oxide) (NH4F). 50 ml of methanol was used to dissolve 0.1 g of ammonium 

fluoride in a 100 ml capacity measuring cylinder. Four percent, eight percent, and twelve percent 

of fluorine-doped tin oxide were doped. 8 ml of the dopant (NH4F) was added to 192 ml of tin 

acetyl acetonate and carefully mixed to achieve a 4 percent concentration. The automated syringe 

measured and injected 1 ml of the solution onto each slide. The same steps and safety 

precautions were applied for other tin (iv) oxide that were doped. 
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How Tin acetylacetone transformed to Tin (IV) oxide 

A solution of tin acetylacetone solution was prepared by dissolving 0.5 g of Sn(acac)2 in 50 mL 

of ethanol. The solution was stirred for 30 minutes until the solid was completely dissolved. 

Then 10 mL of 0.1 M NaOH solution was added dropwise while stirring. The solution turned 

yellow as the pH increased. After the addition of NaOH solution, the solution was heated to 80 

oC and stirred for 2 hours. A white precipitate was formed, which was filtered and washed with 

deionized water. To confirm the white precipitate, the white was dissolved in hydrochloric acid 

and heated to 80 oC for 30 minutes. The solution turned yellow as the SnO2 precipitated out. The 

SnO2 was filtered, washed with deionized water, and dried at 100 o C for 1 hour. 

The experimental evidence demonstrated that the tin acetylacetonate can be transformed into tin 

(IV) oxide by the addition of NaOH solution followed by heating. The yellow color of the 

solution indicated the formation of a complex between Sn(acac)2 and NaOH. The complexation 

reaction can be presented as follows: 

Sn(acac)2 + 2NaOH         Na2[Sn(acac)2] + 2H2O 

The complex was then heated to form tin (IV) oxide through hydrolysis and condensation 

reactions. The overall reaction is presented below: 

Na2[Sn(acac)2] + 2H2O       SnO2 + 2Na(acac) + 2H2O 

The white precipitate obtained after heating and filtering was confirmed to be SnO2 through the 

yellow coloration upon dissolution in hydrochloric acid.  

 

3.3 Preparation of Graphene Oxide 

Graphene oxide was prepared by adopting Hummer’s method [264, 265, 266, 267]. Thus, 

Hummer’s method was developed in 1958 as a safer, faster and more efficient method for 

production of graphene oxide. Before, the production of graphene oxide was slow and hazardous 

because of the use of concentrated sulfuric and nitric acid. GO must be reduced to get rGO 

(reduced graphene oxide).  

The graphite flake was grounded until a powdery form is achieved. 0.8 g of the crushed graphite 

was then mixed with 25 ml of H2SO4. Subsequently, 2 g of KMnO4 was added to the solution, 
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this was stirred vigorously at 25 oC for 30 min to form homogenous mixture. Thereafter, 

deionized water was added to the mixture which was stirred at 90 oC. The colour of the resulting 

solution then turned brown. After 1 h, 10 ml of 30 % H2O2 was added to reduce the oxidation 

reaction and was rinsed with ethanol. After 48 h, the solution was fi1tered using a vacuum pump 

fi1ter and heated at 60ºC for 24 h to obtain graphene oxide (GO). In this step, the residue of 

KMnO4 and MnO2 were reduced to Mn2+ and the resulting solution colour turned brown which is 

an indication of graphene oxide (GO) formation.  

3.3.1 Reduction of graphene oxide (GO) to get rGO 

To get rGO, 0.6 g of the GO solid was crushed to fine particles and mixed with 100 ml of 

deionized water and sonicated for 3 h so as to obtain a clear suspension. 10 l of hydrazine was 

added to the solution repeatedly. This was done so as to produce a dense precipitate to ensured 

successful reduction of graphene oxide process. This solution was filtered and dried at 60 oC for 

48 h to obtain reduced graphene oxide 

 

 

 

 

 

 

  

Figure. 3.1 Schematic representation of RGO synthesis [368] 

 

 

 

 

Figure 3.2  Representation of the molecular structures of graphene material 

and its derivates [369] 
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3.3.2 Incorporation of reduce graphene oxide to TiO2 

Reduced graphene oxide so1ution was incorporated into the TiO2 to evaluate the performance of 

the so1ar cell. TiO2-rGO nano composite thin film of different sizes were successfully 

synthesized with various static drops of rGO so1ution placed on TiO2 following the sample 

procedure of spin coating and annea1ing at the same temperature. The various drops were 

categorized in cycles. The cycles were produced by dropping 3 static drops of rGO solution onto 

the surface of a tape down TiO2 and allowed for about 5 minutes to enable it absorb into the 

mesoporous TiO2. Then it was spin dry by the spin coater at 4000rpm for 30 second. 

Temperature was monitored using Ren C900 temperature control machine during annealing. The 

procedure was repeated for other cycle of samples to form different TiO2 with different thickness 

or layer of rGO.  The samples were thoroughly characterized for Hall Effect, UV-vis, 

profilometry and voltage changes.  

3.4 Fabrication of TiO2 –rGO Composite 

G1ass slide that has TiO2 printed on it was prepared. The prepared molten paste of TiO2 was 

screen printed on the slide using the screen printer machine. 15 mg of rGO powder was dispersed 

in 70 % acetone and 30 % of H2O2. Several static drops of the rGO solution were spin coated 

onto the TiO2 thin Film to produce the nanocomposite photo anode TiO2 –rGO Composite.  This 

was how incorporation of the rGO on TiO2 thin film was achieved 

 

3.4.1  Substrate Preparation.  

The slide used for substrate preparation was cut into appropriate sizes to enable it fit into the spin 

coater. The required size dimension (16.22 mm x 16.22 mm square) was measured using a 

vernier caliper after cutting. The cutting was done using electrical hand engraver (Swisso).  

Immediately after cutting, the slides were washed with sodium lauryl su1phate, thereafter they 

were rinsed with deionized water and allowed to drain by inverting the slides on a Petri dish. 

Piranha solution was prepared by mixing 70 % concentration of H2O2 and 30 % of water. The 

s1ides were soaked in the piranha’s so1ution (H2SO4 H2O2) and allowed to stay for 30 min for 



 61 

the chemical reaction which facilitated proper cleaning of the slide and also to make the slide 

hydrophilic. Subsequent1y, the slides were air dried for 20 min after draining of the solution.   

3.4.2 Screen Printing of TiO2 

Prior to screen printing of TiO2 on glass slide, the slides were rinsed with deionized water again 

and spin dried with the spin coater centrifuge machine (MEIHECO) for 20 seconds at 4000 rpm. 

Further drying was carried out on the slides using the magnetic stirrer hotplate for total of 9 

slides that were used for screen printing. TiO2 was screen printed on the slide using the screen 

printer machine. Molten paste of TiO2 was printed onto a tape down the slide in the screen 

printer machine by spreading it over the screen mesh using a glass rod. The samples were dried 

immediately by a magnetic stirrer hotplate at a regulated temperature of 60 oC. Finally, eight 

samples of TiO2 screen printed slides were produced with the same thickness (layer) of TiO2 at a 

contro11ed temperature of 60 oC. Throughout the duration of screen printing, the drying period 

was 30 min so as to remove tempanol which contain moisture.   

3.5 Spin Coating of rGO into TiO2 Thin Fi1m 

Several static drops of rGO solution were used in spin coating the rGO onto TiO2 Thin Film. For 

the first sample (Cycle 1), 3 static drops of rGO solution were dropped onto surface of a tape 

down TiO2 and allowed for about 5 minutes to enable it absorb into the mesoporous TiO2. Then 

it was spin dry by the spin coater at 4000 rpm for 30 second. Temperature was monitored using 

temperature control machine (Ren C900) during annea1ing. The procedure was repeated for 

other cycle of samples to form different TiO2 with different thickness or layer of rGO.  Sample 2 

(Cyc1e 2) consists of six static drops of rGO solution deposited on TiO2 with the aid of syringes 

that has a volume of 20 ml.  In Cycle 2, the first 3 static drops of rGO were made on TiO2, spin 

dry, and anneal using the magnetic hotplate at 250-280 OC for 30 minutes, and, allowed to cool 

down. Then another 0.3 ml of rGO solution was added again and was made to receive the same 

treatment as in sample 1. While sample 3 (Cycle 3) consists of 0.9 ml rGO solution deposited on 

TiO2 which follows sampling procedure of the spin coating and annealing was done thrice at the 

same temperature and time. Similarly, samples 4, 5, and 6 which represent different cycles of 

rGO solution deposition were done in respect to sample 2 and sample 3 in succession with the 

same procedure in 1,2,3. In all, six samples of rGO-TiO2 photoanode were produced and were 

labeled as cycles 1, 2, 3, 4, 5, and 6. [167,199, 201, 202] 
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3.6 Solar Cell Fabrication/ Assemb1y of DSSC 

The Dye-sensitized solar cell was assembled in a sandwich configuration. It is composed of the 

FTO slide as the photoanode or absorption of visible light, roselle as the dye sensitizer for 

electrostatic binding with the TiO2. The FTO glasses were cut into small pieces. The TiO2 is 

transformed from amorphous to crystalline, screen printed on the cut g1ass slides, and annealed 

at 450 OC for 30 minutes. The reduced graphene oxide was applied by spin coating, annealed at 

200-250 OC for 1 h. The FTO coated TiO2 was immersed-overnight (12 h) in a solvent 

containing dye and ethanol. The same-process was carried out for the FTO coated rGO-TiO2 

sample. The photo anode was rinsed with ethanol to remove the physiosorbed dye mo1ecule and 

dried on a hot plate at 60oC for 30 minutes. The counter electrode was-deposited with the Pt-thin 

film via-sputtering. [246, 354, 359, 368] 

 

Figure 3.3 Assembling and fabrication of the DSSC 

3.7 Characterization Methods  

Characterizations of the samples were studied through Hall Effect, Profilometry, Diffuse 

Reflectance-Ultraviolet visible spectroscopy (DRS UV-Vis), Simulation and stability behavior of 
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the Dye sensitized solar cell. The equipment used for the characterization were Ecopia Hall 

effect Measurement System HMS 3000, Fi1metrics thin-film analyzer F10-RT-UV and 

VeecoDektak 150 for the Hall Effect, UV and profilometry study respectively. 

 

3.8 Photovoltaic Performance of Fabricated DSSC 

The Dye sensitized solar cell was assemb1ed in a sandwich configuration with the FTO coated 

with rGO-TiO2.  Roselle dye was used as the dye sensitizer for electrostatic binding with the 

TiO2. The performance of the fabricated DSSCs was determined using a white light solar 

simulator with a light intensity of 100 mWcm-2. The I–V measurements were carried out on the 

DSSC without reduced graphene and the DSSC sandwiched with reduced graphene. A stability 

test was carried out for the reduced graphene-dye-sensitized solar cell after an aging period of 

twenty-seven days [268]. Electrochemical measurements were carried out on the cells at 3 days 

intervals in order to study their long-term stability. The photoelectrochemical parameters 

include; the open circuit voltage Voc (V), and the current density, while the fill factor (FF) and 

light to-electricity conversion efficiency (η), were calculated based on equations (3.1) and (3.2).  

                         3.1 

              3.2 

The short circuit current ( ) is the current through the solar cell when the voltage across the 

solar cell is zero. The maximum power point ( ) is seen as the condition under which the 

solar ce11 generates its maximum power and the current and voltage in this condition are defined 

as Imax and Vmax (respectively). The fill factor ( ) and the energy conversion efficiency (η) 

are used to characterize and draw conclusions about the performance of the solar cell. The fill 

factor is defined as the ratio of Pmax divided by the product of  and , while the power 

conversion efficiency can be seen as the ratio of Pmax to the product of the input light irradiance 

( ) and the solar cell surface area  [270]. 
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3.9 Testing of the DSSC Cell 

Simulation and stability test of the DSSC cell under the real-world conditions (illumination 

under 1 sun, and under room temperature condition) were studied.  Determining the stability of 

solar cells is not easy since the degradation of their performance during their lifetime depends on 

many factors that may act simultaneously [271, 272, 273, 274, 277]. Moisture, in combination 

with high temperature, is the most critical environmental factors that lead to the degradation of 

DSSCs performance [275, 276, 277]. Concerning DSSCs technology, extensive efforts have 

been made over the past years to improve the stability of these devices by the incorporation of 

novel materials in their structure leading to promising results [278, 279, 280, 281, 283]. 

  

3.10 Concluding Remarks 

In this chapter, it is anticipated that DSSC will be fabricated by incorporating mesoporous TiO2 -

rGO nano composite successfully. 
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CHAPTER FOUR:   DYE-SENSITIZED SOLAR CELLS PERFORMANCE. 

I wish to acknowledge that some of the data in this chapter were adapted from [20]. Dye-

sensitized solar-cells (DSSCs) is the utmost current of progressive solar cell-technology which 

can be likened to artificial photosynthesis owing to the manner it absorbs light via the sun, 

separates it-and generates-charges. It is intensively studied due to their simple and inexpensive 

manufacturing process yet relatively high conversion-efficiencies [276, 277, 278, 279, 283]. The 

efficiency of the DSSC can be increased by optimizing a number of its components. The 

Transparent Conducting Materia1 (TCM), which is frequently formed of Fluorine Doped Tin 

Oxide (FTO), can be enhanced in order to achieve excellent light harvesting. There is a category 

of materials known as transparent conductive materials (TCMs) that simultaneously exhibits 

optical transmission and electrical conductivity [284]. TCMs often take the shape of thin films, 

which can be made of metal films, wide-band-gap semiconductors, doped organic polymers, or 

metal nitrides. A technologically significant class of materials, they are widely utilized in 

displays, photovoltaics, transparent electronics, architecture, and window g1ass [285]. 

Transparent conductive oxides are now the most significant TCMs (TCOs). In order for TCOs to 

be transparent in the visible region of the spectrum, they are typically n- and p-type 

semiconductors with band gaps greater than 3 eV. (Approximate1y 1.8-3.0 eV, see Figure 1.6a 

for reference). To achieve high conductivity, the oxides are frequently externally doped.  

Currently, In2O3, ZnO, and SnO2 are the three most significant binary n-type TCOs.  

The most often utilized TCO is f1uorine-doped tin or tin-doped indium oxide-(FTO or ITO), 

which enables the glass plates to act as electrodes and collect the electric charge generated within 

the cell. They are ideally suited for the majority of the-Sun's output since-they are-very 

transparent across the visible spectrum and more-absorbent in areas closer to UV rays [286].  

 The SnO2 layer p1ays a key role in the electron transport in DSSC. All through-the DSSC 

operation, electrons are generated by photo-excited dye molecules, which are then injected into 

the conduction-band of the Tin oxide. The electrons then get-transported by diffusion via 

SnO2layer and are collected at the conductive electrode. While most electrons are efficiently 

collected, some-might recombine with holes nearby or in-the electrolyte and/or excited dyes, 

thus leading to reduced-energy conversion efficiency. Subsequently, improving-charge collection 

efficiency of SnO2 layer is one-of the key areas to look into when optimizing DSSC. Other than 
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solar cells, a number of different technologies can be used to make FTO physically, chemically, 

and electrochemically stable. The hydrothermal process, chemical vapour deposition (CVD), 

radio-frequency (RF) sputtering, and spray pyrolysis are just a few of the techniques used to 

create FTO nanocomposites. There are various ways to prepare FTO via CVD, including low 

pressure CVD, plasma enhanced-CVD, aerosol assisted-CVD, and atmospheric-pressure CVD, 

which-is very effective and cost-effective [287].  

Additionally, dye sensitized solar cells (DSSCs) work on the-absorption, separation, and 

collection principle [60], with-the two main ways that DSSCs vary from all other solar cells 

being their ability to absorb light and move charges. Because of its high electron mobility, 

exceptional optical qualities, thermal, chemical, and mechanical stability, graphene has thus far 

shown promise as a material for a wide range of application.  

With the assistance of rGO that has some useful unique properties, graphene incorporated to 

TiO2 is proven influence the properties of the DSSC in increasing the photo-induced charge 

transport and suppressing the charge recombination in a DSSCs system [288]. This chapter thus 

1ooks at the influence of fluorine doped tin oxide and reduce graphene oxide on the performance 

of the DSSC. 

4.1 Influence of fluorine doped tin oxide on the performance of DSSC  

The effect of fluorine doped tin oxide was carried out by doping SnO2 with fluorine at-different 

percentage.  As shown-in Tab1e 4.1, the deposition-of the FTO on the glass substrate using 

AACVD method as discussed in section 3.2. The properties-of the un-doped SnO2 and countless 

percentage of-doped SnO2 were-considered. The samples were studied through Scanning 

Electron Microscope-energy dispersive x – ray (SEM-EDX), Hall Effect, Profilometry and 

Diffuse Reflectance-Ultraviolet visible spectroscopy (DRS UV-Vis). The scanning Electron 

Microscopy (SEM) was employed to provide the structure and surface morphology. The 

profilometry analysis shows the thickness of the film while the optical properties were studies 

using the DRS UV-Vis to investigate the visible transmittance in 230 to 1100 nm wavelength.  
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4.1.1 Results and Discussion 

4.1.1.1 Surface Morphology (SEM image of produced FTO) 

The SEM images of the fluorine doped tin oxide showed the distribution of grains that are 

uniformly deposited completely on the glass substrate. It showed the presence of individual 

sheets that are closely packed and aligned with each other.  The SEM images are shown in 

Figure 4.1 to Figure 4.4 for undoped, 4 %, 8 %, and 12 % fluorine-doped tin oxide respectively 

(the higher the thickness of dopant increases the mobility, and conductivity of the electrons or 

charges from the dye to the photoanode. This effect reduces the recombination of the electrons 

from the dye to the highest occupied molecular orbit (HOMO), and redox) [103, 292]. The large 

particle deposited are due to the deposition process, which might have occurred due to the 

position of the glass substrate during deposition [289]. The 4 %, 8 %, and 12 % doped SnO2 

show the particle deposited uniformly on the glass substrate unlike the undoped, which showed 

some over size spherical particles deposited on the glass substrate.  The FTO showed 

diminishing agglomeration of the particle size compared to the undoped SnO2. 4 % doped SnO2 

showed a more compact particle structure which would a better light transmittance [290]. 

 

Figure 4.1: SEM of 0.4 ml SnO2 (undoped) 



 68 

 

Figure 4.2: SEM of 4% F:SnO2 with magnification size of 500x at 100µm 

 

Figure 4.3: SEM of 8% F:SnO2 with magnification size of 500x at 100µm 
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Figure 4.4: SEM of 12 % F:SnO2 with magnification size of 500x at 100µm 

 

4.1.1.2 Energy Dispersive X–ray (EDX) 

The EDX analysis generates more information on the chemical composition of the sample, and it 

depends on the atomic mass of e1ements in the samples. The lower the atomic mass, the lower 

the response. The results of the EDX elemental microanalysis showed that fluorine has been 

successfully doped into the SnO2. The EDX composition of the produced FTO thin film is 

presented in Table 4.1 to Table 4.4. Tab1e 4.2 is the EDX of 4 % F:SnO2 shows an increase in 

f1uorine doping concentration. A higher concentration of fluorine doping is seen to bring about a 

better electron transfer and increase electrica1 conductivity [291]. This may also result to 

increase in transmittance [290] 
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Table 4.1: Composition of SnO2 (Undoped) 

Element Number Element Symbol Element Name Atomic mass (%) wt % 

50 Si Tin 70.94 89.99 

14 Si Silicon 6.34 1.90 

20 Ca Calcium 3.84 1.65 

17 Cl Chlorine 4.03 1.53 

13 Al Aluminum 3.45 0.99 

15 P Phosphorus 2.40 0.79 

22 Ti Titanium 1.55 0.79 

16 S Sulfur 2.27 0.78 

19 K Potassium 1.64 0.69 

11 Na Sodium 1.85 0.45 

12 Mg Magnesium  1.70 0.44 

 

Table 4.2: Composition of 4% SnO2  

Element Number Element Symbol Element Name Atomic mass (%) wt % 

50 Si Tin 61.08 85.57 

14 Si Silicon 10.08 3.34 

22 Ti Titanium  3.48 1.96 

20 Ca Calcium  3.09 1.46 

17 Cl Chlorine 3.45 1.45 

13 Al Aluminum 3.49 1.11 

15 P Phosphorus  2.85 1.04 

19 K Potassium 2.22 1.03 

16 S Sulfur 2.64 1.00 

11 Na Sodium 3.41 0.92 

12 Mg Magnesium 2.75 0.79 

9 F Fluorine 1.47 0.33 

26 Fe Iron 0.00 0.00 
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Table 4.3: 8% F: SnO2 Composition  

Element Number Element Symbol Element Name Atomic mass (%) wt % 

50 Si Tin 61.08 85.57 

13 Al Aluminum 6.32 1.82 

17 Cl Chlorine 4.61 1.75 

14 Si Silicon  5.06 1.52 

20 Ca Calcium 3.31 1.42 

15 P Phosphorus  2.73 0.90 

16 S Sulfur 2.39 0.82 

12 Mg Magnesium 2.12 0.55 

11 Na Sodium 1.74 0.43 

19 K Potassium 0.42 0.18 

 

Table 4.4: 8% F: SnO2 Composition  

Element Number Element Symbol Element Name Atomic mass (%) wt % 

74 W Tungsten 20.77 52.37 

50 Sn Tin 13.02 21.20 

14 Si Silicon 39.50 15.21 

20 Ca Calcium 5.60 3.08 

11 Na Sodium 8.17 2.58 

12 Mg Magnesium  3.85 1.28 

22 Ti Titanium 1.41 0.92 

17 Cl Chlorine 1.72 0.84 

13 Al Aluminum 2.26 0.84 

19 K Potassium 1.47 0.79 

16 S Sulfur 1.16 0.51 

15 P Phosphorus  0.59 0.25 

9 F Fluorine 0.48 0.13 

26 Fe Iron 0.00 0.00 
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4.1.1.3 Profilometry 

The FTO layer thickness was measured using surface profiler. The thickness of the FTO thin 

film as shown in Figure 4.5 to Figure 4.8 for the undoped tin oxide and fluorine doped tin oxide 

nanoparticles ranges from 150 nm, 200 nm, 50 nm and 40 nm for undoped tin oxide, 4 %, 8 % 

and 12 % of fluorine dope tin oxide respectively. The thicker the thin film, the more the photon 

absorbed and the higher the conductivity [292].  
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4.1.1.4 Effect of Temperature and F1owrate on Produced FTO 

 

Figure 4.5: Profi1e graph for SnO2 thin fi1m 
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Figure 4.6:  Profile graph for 4 % F:SnO2 thin film 
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Figure 4.7:  Profile graph for 8 % F:SnO2 thin film 

 

Figure 4.8:  Profile graph for 12% F: SnO2 thin film 

 

4.1.1.5 UV Spectroscopy Results 

The variation of absorbance and transmittance at 230 nm wavelength of doped and undoped 

SnO2 thin films are shown in Figure 4.9 to Figure 4.12 and Table 4.5 to Tab1e 4.8. The 

frequency of the visible light range is seen within the minimum and maximum wavelength of 

230 nm and 1100nm 
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Table 4.5: Absorbance and transmittance of undoped and doped SnO2 at 230 nm and 1100 nm 

wavelength for 4%, 8% and 12% 

S/N Sample 

ID 

Fluorine 

Doping  

(%) 

Deposition 

Time 

(min) 

Absorbance 

( = 230 

nm) 

Transmittance 

( = 230 nm) 

Absorbance 

( = 1100 

nm) 

Transmittance 

( = 1100 nm) 

1 SNO2 0 13 1.19 6.40 0.13 73.06 

2 F:SnO2 4 15 0.30 50.35 0.08 83.18 

3 F:SnO2 8 25 0.50 31.62 0.08 82.64 

4 F:SnO2 12 38 0.88 13.27 0.04 90.53 

 

 

Figure 4.9: Absorbance-Spectra of Un-doped SnO2 Thin Fi1ms Deposited on Glass Substrate 

 

Figure 4.10: Absorbance-Spectra of 4% F:SnO2 Thin Films Deposited on Glass Substrate 
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Figure 4.11: Absorbance-spectra of 8% F:SnO2 Thin Films Deposited on Glass Substrate 

 

Figure 4.12: Absorbance spectra of 12% F: SnO2 Thin Films Deposited on Glass Substrate and 

wave1ength  
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Table 4.6: Absorbance and transmittance for doped and Un-doped F: SnO2 

 SNO2 4% F:SnO2 8% F:SnO2 12% F:SnO2 

Wavele

ngth 

(nm) 

Absorb

ance  

Transmit

tance % 

Absorb

ance  

Transmit

tance % 

Absorb

ance  

Transmit

tance % 

Absorb

ance  

Transmit

tance % 

230 1.19 6.40 0.30 50.35 0.5 31.62 0.88 12.27 

401.74 0.40 39.36 0.26 54.59 0.29 51.41 0.09 80.46 

576.25 0.06 25.53 0.04 90.42 0.03 91.85 0.01 96.05 

750.76 0.04 91.20 0.03 96.87 0.01 96.69 0.01 96.69 

925.57 0.02 93.37 0.01 96.87 0.02 96.29 0.00 97.92 

1100 0.14 73.06 0.08 83.18 0.08 82.64 0.04 90.53 

 

 

Figure 4.13: Graph of Absorbance and Transmittance for (4%, 8% and 12%) F:SnO2 at 
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Figure 4.14:  Absorbance and transmittance for (4%, 8% and 12%) F:SnO2 at  

These same optical characteristics of the fluorine doped tin-oxide and the undoped (SnO2 

deposited) tin-oxide thin films, produced and-coated by AACVD technique-on the glass 

substrate were examined. The transmittance and-the absorbance spectra were measured-in range 

of wavelength from 230 nm – 1100 nm for 4 percent, 8 percent-and 12 percent F: SnO2 and the 

undoped-tin oxide. The results at wavelength 230 nm and 1100 nm are provided in tables 4.6 – 

4.7. The results showed that more-time is necessary as Fluorine doping is-carried out-on-the 

substrate (i.e. the more-the percentage of doping-the more time it is required to deposit the FTO 

on the glass substrate) (i.e. the more the percentage of doping the more-time it is required to-

deposit the FTO on-the glass substrate). The undoped SnO2 was deposited-faster while the 12% 

F: SnO2 had the slowest deposition-time.  

 

4.1.2 Effect of Wavelength on Absorbance 

On the several slides, Fluorine was doped in varying amounts (4 percent, 8 percent, and 12 

percent). Figures 4.13 and 4.14 show the absorbance for the 230 nm to 1100 nm wavelength 

range. Undoped had the highest absorbance at 271.55 nm, which was increases and declines 

before decreasing monotonically until it reaches 1100 nm.  
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Nevertheless, it was discovered that the behavior displayed by the absorbance spectra was typical 

of fixed-size scattering centers, which typically diffuse more effectively at shorter wavelengths.  

The peak values of the absorbance of the doped SnO2 were found to be lower than those of the 

undoped SnO2, contrary to what was observed at the various percentages of dopant tested.  

At the lowest wavelength of 230nm, the 4% F: SnO2 has the lowest absorbance value while at 

the highest wavelength, the 12% F:SnO2 has the lowest absorbance value.  The absorbance 

increased with dopant percentage because there is fusion of fluorine atoms in the structure of the 

thin film [294].  

 

4.1.3 Effect of Wavelength on Optical Transmittance 

By using a UV-VIS spectrophotometer, the optical transmittance (T) characteristics of the thin 

films produced with various dopants were identified. Utilizing transmission spectra in the 

wavelength range of 230 nm to 1100 nm, the optical transmittance was studied. As the 

wavelength rises, an increase in transmittance was seen. At 230 nm, 4 percent F: SnO2 had the 

highest light transmittance, while undoped materials had the lowest. At 1100 nm, the amount of 

transmittance is estimated to be 83 percent.  

The high transmittance could be attributed to the high concentration of the fluorine doping [290]. 

A work done [292] depositing a nano thick FTO multilayers showed that as the FTO layer 

thickness increase, the average optical transmittance in the visible range of wavelength is 

increased. This further suggest that FTO have good optica1 electrical properties which is an 

advantage for the DSSCs.   

 

4.1.4 Hall Effect Measurement 

The electrical properties of the undoped and the doped fluorine SnO2 are shown in Tab1e 4.7. 

The findings as displayed in Figure 4.15 showed that both the wavelength and the amount of 

doping had a significant impact on FTO.  

The lowest absorbance value of 4 percent F: SnO2 is 0.2980 a.u at the lowest wavelength of 230 

nm, and the lowest absorbance value of 12 percent F: SnO2 is 0.0432 a.u at the highest 

wave1ength. Conductivity in thin films is also influenced by the thick 



 81 

SAM

PLE 

ID 

ness of the film. Conductivity starts to decline as the thickness exceeds an ideal limit because the 

grain size of the nanoparticles grows by increasing the band gap (quantum confinement effect), 

the physical implication is seen in Table 4.7 where the negative (-ve) values in the 4% F: SnO2, 

8% F: SnO2, and 12% F: SnO2 show a decrease due to the increase in thickness of the film as it 

exceeds the ideal limit. 

Table 4.7: Results of Hall Effect Analysis for FTO 

S/N OPTICAL PROPERTIES 0.4ml SnO2 4% F:SnO2 8% F:SnO2 12% 

F: SnO2 

1 Bulk Concentration/cm3 1.12 x 1019 -2.76 x 1021 -1.75 x 1017 -4.19 x 1017 

2 Mobility cm3/Vs 1.35 1.40 x 101 7.46 2.37 x 105 

3 Sheet-Resistance /sq 4.12 x 104 2.48 x 104 1.20 x 106 3.13 x 105 

4 Resistivity cm 4.12 x 10-1 1.98 x 10-1 4.70 6.26 x 10-1 

5 A-C Cross Hall Coefficient 

cm3C 

-5.37 x 101 1.29 x 101 -1.10 x 102 -2,36 x 102 

6 Magneto-Resistance   4.27 x 102 1.91 x 102 7.34 x 103 2.94 x 104 

7 Sheet Concentration/cm2 1.10 x 1014 -2.21 x 1011 -6.98 x 1011 -8.38 x 1011 

8 Conductiivty 1/cm 2.43 5.04 2.09 x 10-1 1.56 

9 Average Hall Coefiicent 

cm3/C 

5.55 x 10-1 -2.26 -3.58 x 101 -1.49 x 101 

10 B-D Cross Hall Coefficient 

cm3/C 

5.48 x 101 -1.75 x 101 3.85 x 101 2.06 x 102 

11 Ratio of Vertical Horizontal  -1.35 x 10-6 -4.29 x 10-3 -6.43 x 10-4 8.35 x 10-5 

 

Figure 4.15: 3D graph of optical properties of sampled ID 

OPTICAL PROPERTIES 
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4.2  Influence of reduced graphene oxide on DSSC performance 

As earlier discussed, reduced graphene oxide shows some unique quality which can influence 

and improve the performance of the DSSC. Several studies have reported progress and increased 

performance of DSSCs with reduce graphene oxide [203, 304, 305, 306]. Reduced graphene 

oxide (rGO) production consists of three stages which are the oxidation, exfoliation, and 

reduction stages.  In the oxidation stage, graphite powder is reacted with a strong oxidizing agent 

(potassium permanganate). The oxidized graphite is now dispersed in distilled water to form 

single-layer graphene oxide (GO) which is the exfoliation stage, the reduction is the one that 

finally produced the reduced graphene oxide (rGO). Six different samples of the RGO were 

produced and studied using the Scanning Electron Microscope-Energy Dispersive X – ray (SEM-

EDX), Hall Effect, X-ray, Profilometry and Diffuse Reflectance-Ultraviolet visible spectroscopy 

(DRS UV-Vis).  

4.3.1  Results and Discussion   

4.3.1.1 Hall Effect analysis of Reduced Graphene Oxide 

Tab1e 4.8: Results of Hall Effect Analysis of Reduced Graphene Oxide (rGO) 

S/N OPTICAL 

PROPERTIES 

SAMPLE ID   

1 rGO 2 rGO  3 rGO 4 rGO 5 rGO 6 rGO 

1 Bulk Concentration   

cm-3 

4.96 x 1016 1.19 x 1014 -8.20 x 1012 -5.07 x 1012 2.52 x 1017 -9.84 x 1012 

2 Mobi1ity cm3/Vs 1.21 x 102 4.91 3.81 x 101 5.49 x 102 2.02 x 101 2.17 x 101 

3 Sheet- Resistance 

Ω/sq 

1.04 x 105 2.66 x 108 1.18 x 109 2.24 x 108 8.17 x 104 2.93 x 109 

4 Resistivity Ωcm 1.04 1.06 x 104 1.99 x 104 2.24 x 103 1.23 2.93 x 104 

5 A-C Cross Ha11 

Coefficient cm3/C 

2.47 x 102 3.03 x 105  6.93 x 106 2.09 x 106 7.95 x 101 -2.59 x 107 

6 Magneto- 

Resistance Ω 

1.30 x 105 2.67 x 108  3.84 x 108 3.82 x 108 2.77 x 103 5.19 x 109 

7 Sheet Concentration     

cm-3 

4.96 x 1011 4.78 x 109 -1.39 x 108 -5.07 x 107 3.76 x 1012 -9.84 x 107 

8 Conductivity     

1/Ωcm 

9.58 x 10-1 9.40 x 10-5 5.00 x 10-5 4.46 x 10-4 8.17 x 10-1 3.42 x 10-5 

9 Average Ha11 

Coefficient cm3/C 

1.26 x 10-2 5.23 x 104 -7.61 x 105 -2.23 x 106 2.47 x 101 -6.33 x 105 

10 B-D Cross Ha11 

Coefficient cm3/C 

5.64 -1.98 x 105 -8.45 x 106 -4.56 x 106 -2.99 x 101 2.46 x 107 
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4.3.1.2 Profilometry 

The profilometry results for the rGO nanoparticles show the thickness ranges from 150nm-

200nm as shown in the profile graph below. The more the thickness of the thin film, the 

conductivity, and the more the photon absorbed. Samp1e 1, 2, 3, 4, 5 and 6 has wavelength 

300nm, 400nm, 150nm, 180nm, 250nm and 150nm respectively as shown in Figure 4.16 to 

Figure 4.21. Sample five had the highest thickness of 400nm. The increased film thickness 

increased the hall coefficient and mobility with a decrease in carrier concentration. 

 

Figure 4.16 Profile graph for 1 rGO  
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Figure 4.17 Profile graph for   2 rGO  

 

Figure 4.18 Profile graph for 3 rGO  
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Figure 4.19 Profile graph for 4 rGO  

 

Figure 4.20 Profile graph for 5 rGO  
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Figure 4.21 Profile graph for 6 rGO  

4.3.1.3 Morphologic and Elemental Analysis (SEM/EDX) 

The SEM images of the reduced graphene oxide material show the presence of individual 

thinnest flakes crumple sheet monolayer which are closely associated with each other [269, 307, 

308].  This deduction was based on the low resolution of the SEM microscopy. Due to the 

reductant, the rGO flakes exhibit the largest content of vacancy, C sp3 defects and hydroxyl 

group accompanied by the smallest content of epoxy. The results of the EDX elemental 

microanalysis of C, O, and N elements are in Table 4.9. The low percentage of the carbon 

content indicates that the graphene oxide was successfully reduced. Also, oxygen was not 

present in the elemental composition, which indicates that no oxygen-containing functional 

groups still existed in the sample of reduced graphene oxide. The structure and morphology of 

the rGO monolayer were revealed by scanning electron microscopy (SEM), and GO reveals the 

many carbon atoms on the surface of the rGO monolayer [269]. For detection, EDX analysis 

depends on the atomic masses of the elements in the samples.  
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The reaction decreases as atomic mass decreases. Sample 3 included nitrogen, which most likely 

came from interactions between the reducing agent and graphene oxide. The hydrazine alcohols, 

which were primarily in charge of the incorporation of nitrogen, were created through the easy 

reaction of hydrazine with the epoxied functional groups. Other atoms including sulphur, 

potassium, chlorine, calcium, and iron were added during the process. This may be the result of 

incorrect GO cleaning procedures and inadequate responses.  These elements may also have been 

introduced from the initial chemicals and reagents used in the process of oxidation. This means 

the method successfully reduced the graphene oxide to reduced graphene oxide.  

 

 

Figure 4.22 SEM of 1 rGO with magnification size of 300x at 200µm 
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Tab1e 4.9. Composition of 1 rGO 

Element 

Number 

Element 

Symbol 

Element 

Name 

Atomic 

Conc.(%) 

wt. % 

14 Si Silicon 54.78 57.48 

11 Na Sodium 25.51 21.91 

20 Ca Calcium 5.23 7.83 

12 Mg Magnesium 7.22 6.56 

13 A1 Aluminum 2.36 2.38 

6 C Carbon 2.93 1.31 

16 S Sulfur 0.65 0.77 

19 K Potassium 0.44 0.65 

15 P Phosphorus 0.46 0.54 

17 C1 Chlorine 0.36 0.48 

22 Ti Titanium 0.06 0.10 

 

 

Figure 4.23. SEM of 2 rGO with magnification size of 300x at 200µm  
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Figure 4.24. SEM of 3 rGO with magnification size of 300x at 200µm 

Tab1e 4.10. Composition of 2 rGO  

Element 

Number 

Element 

Symbol 

Element 

Name 

Atomic 

Conc.(%) 

wt. % 

14 Si Silicon 53.86 57.32 

11 Na Sodium 24.84 21.63 

20 Ca Calcium 5.04 7.65 

12 Mg Magnesium 6.99 6.44 

6 C Carbon 5.42 2.47 

13 A1 Aluminum 2.27 2.32 

16 S Sulfur 0.49 0.60 

19 K Potassium 0.40 0.59 

17 C1 Chlorine 0.27 0.36 

15 P Phosphorus 0.28 0.33 

26 Fe Iron 0.11 0.24 

22 Ti Titanium 0.03 0.06 
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Tab1e 4.11. Composition of 3 rGO  

E1ement 

Number 

E1ement 

Symbo1 

E1ement 

Name 

Atomic 

Conc.(%) 

wt. % 

14 Si Si1icon 52.31 56.06 

11 Na Sodium 24.15 21.18 

20 Ca Ca1cium 4.96 7.59 

12 Mg Magnesium 6.85 6.36 

6 C Carbon 5.32 2.44 

13 A1 A1uminum 2.24 2.31 

7 N Nitrogen 2.09 1.12 

16 S Su1fur 0.62 0.76 

17 C1 Ch1orine 0.39 0.53 

19 K Potassium 0.35 0.53 

15 P Phosphorus 0.36 0.42 

26 Fe Iron 0.19 0.39 

25 Mn Manganese 0.08 0.17 

22 Ti Titanium 0.08 0.15 

      

 

Figure 4.25. SEM of 4 rGO with magnification size of 300x at 200µm 
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Tab1e 4.12. Composition of 4 rGO   

Element 

Number 

Element 

Symbol 

Element 

Name 

Atomic 

Conc.(%) 

wt. % 

14 Si Silicon 54.16 57.48 

11 Na Sodium 24.52 21.30 

20 Ca Calcium 5.21 7.89 

12 Mg Magnesium 7.21 6.62 

6 C Carbon 5.10 2.32 

13 A1 A1uminum 2.27 2.31 

19 K Potassium 0.38 0.57 

16 S Sulfur 0.42 0.51 

15 P Phosphorus 0.33 0.39 

17 C1 Chlorine 0.29 0.39 

26 Fe Iron 0.10 0.21 

      

Figure 4.26. SEM of 5 rGO with magnification size of 300x at 200µm 



 92 

Tab1e 4.13. Composition of 5 rGO   

Element 

Number 

Element 

Symbol 

Element 

Name 

Atomic 

Conc. (%) 

wt. % 

14 Si Silicon 57.04 64.63 

11 Na Sodium 25.16 23.34 

6 C Carbon 13.45 6.52 

13 Al Aluminum 2.19 2.39 

16 S Sulfur 0.72 0.93 

19 K Potassium 0.47 0.74 

15 P Phosphorus 0.48 0.60 

26 Fe Iron 0.16 0.35 

17 Cl Chlorine 0.24 0.35 

22 Ti Titanium 0.08 0.16 

      

 
 

Figure 4.27. SEM of 6 rGO with magnification size of 300x at 200µm 
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Tab1e 4.14.  Composition of 6 rGO 

 

4.3.2 X-Ray Diffractometer  

The X-Ray Diffractometer patterns of the rGO obtained were shown in figures 4.28 - 4.29. From 

[317], graphene is known to show a basal reflection peak at 2θ = 26.6◦ which corresponds to a d-

spacing of 0.34 nm. The resu1t of samp1es 5d and 8d shows a better characteristic with the 

reflection peak at 2θ = 23.93◦ and 24.24◦ respective1y, corresponding to a d-spacing of 3.72 nm 

and 3.67 nm as depicted in Figure 4.28 and 4.29 be1ow. The normal sharp and tight peaks of 

graphene at 2theta 26.5 and 23.88 degrees are conspicuously absent proving the absence of 

graphene. Also, the 11.6-degree peak of graphene oxide is absent as expected. However, between 

26.5 and 23.88, there are some foreign particles that could have caused defects within the 

reduced graphene oxide materials which have caused the absence of the sharp peak of graphite 

[317]. There are several peaks corresponding to approximately 24 degrees expected of reduced 

graphene oxide with an interlayer distance of 3.68A (interlayer distance of graphene is 3.68) 

[33]. The XRD data is hence sufficient proof of the presence of graphene oxide.  

Element 

Number 

Element 

Symbol 

Element 

Name 

Atomic 

Conc.(%) 

wt. % 

14 Si Silicon 56.06 58.48 

11 Na Sodium 25.80 22.04 

20 Ca Calcium 5.30 7.89 

12 Mg Magnesium 7.35 6.64 

13 A1 Aluminum 2.30 2.30 

6 C Carbon 1.71 0.77 

19 K Potassium 0.40 0.58 

16 S Sulfur 0.40 0.48 

17 C1 Chlorine 0.34 0.45 

15 P Phosphorus 0.32 0.37 
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Figure 4.28 Superimposed graph of XRD analysis for sample 1-6 (4, 5d, 6, 7, 8d and 9) rGO 
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Figure 4.29 Superimposed graph of XRD analysis for samp1es 2 and 5 (5d and 8d) rGO 
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4.3.3  UV Spectroscopy 

Film thickness is one of the fundamental parameters that govern the behavior of some thin film 

devices. In solar cell devices, the film thickness of the absorber layer is amongst the principal 

parameters that determine the solar conversion efficiency in that the film thickness must be of a 

certain magnitude in order to support the contact vo1tage [309, 310] 

The wavelengths from Figs. 4.30 to 4.35 are 207, 308, 206, 227, 216 and 206 nm while the 

absorbance are 5.33, 10.00, 4.184, 4.75, 5.01 and 5.67 respectively. The UV–vis spectrum of the 

reduced graphene oxide of sample 2 shows a single broad absorption band at 308 nm as 

displayed in Figure 4.30. Whi1e Samp1e 5 shows an absorption band at 216 nm. This shows a 

red shift in comparison with UV–vis spectra of graphene oxide which occurs at 230 nm and has 

been attributed to π → π* transition of the aromatic C–C bonds. This shift in wavelength is used 

to monitor the reduction reaction of graphene oxide (GO) to reduced graphene oxide (rGO) 

[312].   There was no contamination of peaks observed hence it implies that a pure (rGO) was 

synthesized using the Hummer method. The comparison of absorbance wavelength for the 

synthesized rGO (2 and 5) shows absorbance within 210-350nm wavelength which is the region 

where rGO has the capability of absorbing light [313, 314]. This further shows that the 

incorporation of graphene has the potential of enhancing the visible light absorption. This is 

because the presence of rGO can affect the optical properties of TiO2-rGO, through a decrease in 

bandgap energy and a decrease in charge carrier recombination compared to pure TiO2, thus 

increasing light absorbance [311].  
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Figure 4.30 Absorbance Spectrum for Sample 1 of Reduced Graphene Oxide 

 

 

Figure 4.31 Absorbance Spectrum for Sample 2 of Reduced Graphene Oxide 
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Figure 4.32 Absorbance Spectrum for Sample 3 of Reduced Graphene Oxide 

 

Figure 4.33 Absorbance Spectrum for Sample 4 of Reduced Graphene Oxide 
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Figure 4.34 Absorbance Spectrum for Sample 5 of Reduced Graphene Oxide 

 

Figure 4.35 Absorbance Spectrum for Sample 6 of Reduced Graphene Oxide 
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4.4 Proof of how graphene oxide (GO) is converted to reduced graphene oxide (rGO) 

The reduction of graphene oxide (GO) to reduced graphene oxide (rGO) typically involves the 

removal of oxygen-containing functional groups from the graphene structure. This process is 

often achieved through chemical reduction methods, the most common reducing agents used 

include hydrazine. 

1. Reaction Equation: 

The overall reaction can be represented as: 

GO + Hydrazine         rGO + Water + Nitrogen gas ……… 4.1 

This equation represents the reduction of GO (graphene oxide) by hydrazine, which 

results in the formation rGO (reduced graphene oxide),  water and nitrogen gas.  

2. Mechanism: 

The reduction mechanism involves the following:  

a) Adsorption: Hydrazine molecules adsorb onto the surface of GO. 

b) Chemical Reduction: Hydrazine reacts with the oxygen-containing functional groups 

on GO, such as epoxides, hydroxyl groups, and carboxyl groups. This results in the 

removal of oxygen and the restoration of sp2 carbon – carbon bonds. 

c) Desorption: The reduced graphene oxide (rGO) is formed, and the byproducts, such 

as water and nitrogen gas, desorb from the surface. 

The reduction process can occur through various intermediate steps, and the exact 

mechanisms can vary depending on the specific reducing agent and conditions used. 

3. Kinetics:  

The kinetics of the reduced reaction can be complex and depend on factors like 

temperature, concentration of reducing agent, and the presence of catalysts. The reaction 

typically follows pseudo-first-order kinetics, which means that the rate of reduction is 

primarily dependent on the concentration of the reducing agent. The rate of reduction can 

be described by a rate equation: 
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                Rate = k [Hydrazine] [GO] ………………4.2 

Where Rate is the rate of reduction, k is the rate constant, [Hydrazine] is the 

concentration of hydrazine, and [GO] is the concentration of graphene oxide. 

The reduction of graphene oxide (GO) to reduced graphene oxide (rGO) is typically 

considered irreversible chemical reaction. Once the oxygen-containing functional groups 

in GO are chemically reduced, the restoration of sp2 carbon-carbon bonds occurs, and the 

resulting rGO structure no longer contains the same oxygen groups. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.36 Reaction kinetics of graphene oxide reduction to reduced graphene oxide 
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4.5 Simulation of graphene oxide reduction using hydrazine to reduced graphene oxide 

Using the Mass Actions Kinetics where the rate is directly proportional to the concentrations of 

reactants. 

For the reaction A + B            C,  

where A = Graphene Oxide, B = Hydrazine and C = Reduce Graphene Oxide:  

                   Rate = k * [A] * [B]  ………………….. 4.3 

Here, “Rate’’ is the rate of the reduction reaction, “k” is the rate constant, [A] represent the 

concentration of the graphene oxide, [B] represent the concentration of the reducing agent 

hydrazine.  

Below are the differential equations for the reaction: 
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Below is the graph showing how the concentrations evolve over time 

 

 

 

 

 

 

 

Figure 4.37 Plot of Conc. of Graphene Oxide Reduced with Hydrazine to Reduced Graphene 

Oxide   

 



 102 

The reaction kinetics, mechanism and mathematical model/simulation results shows clearly how 

graphene oxide was converted to reduced graphene oxide (figure 4.36 to 4.37). In equation 4.4 to 

4.6, the negative V signs (- V compartment) shows how the concentration decreased while the 

positive V sign indicates how the concentration increases over time. From the figure 4.37. A 

(graphene oxide) and B (Hydrazine) concentration started from 0.1 and ends at 0 while C hub 

(reduced graphene oxide) started from 0 and increase. 

Figure 4.37 was obtained using KinTek software. A software used for simulating complex 

reaction kinetics. Which was applied to model and simulate the chemical reaction involving 

graphene oxide reduction. The figure 4.37 was obtained as follows; 

• The process started by creating a new model for reaction system 

• The chemical species involved (graphene oxide and reduced graphene oxide) was define 

• The initial concentrations were entered 

• The reactions that represent the conversion of graphene to reduced graphene oxide and 

any other intermediate steps were specified. 

•  The chemical equations for the reactions were written (equ. 4.4 to 4.6), and the rate of 

equations for each reaction (equ. 4.3), which describe how the reaction rates depend on 

the concentrations of reactants. These rate equations are based on the reaction mechanism 

and kinetics (figure 4.36). 

• The simulation settings were configured, including the simulation time, solver method 

(e.g., deterministic or stochastic), and any other relevant parameters. 

• The time course of the simulation and any data points collected during the simulation 

were specified, and simulation began. 

• After the simulation was completed, the results were analyzed, and KinTek provides 

various visualization tools to plot concentration profile over time (figure 4.37). 

Therefore, the equations 4.4 to 4.6 are set of ordinary differential equations (ODEs) describing 

the changes in concentrations of species A (graphene oxide), B (Hydrazine), and C (reduced 

graphene oxide) over time within a compartment with volume V_ compartment. The equations 
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represent a network where A and B reacted to produce C, and the rate of the reactions is 

proportional to the concentrations of A and B. The rate constants for the reactions are given as 

0.1. To obtain the graph from the simulation using these equations, the differential equations are 

integrated over time. KinTek provides simulation tools to perform such integrations. This is how 

the simulation graph was obtained from the equations (4.4 to 4.6). The graph (figure 4.37) 

represents how the concentrations of the species (graphene oxide) evolve over the course of the 

simulation. In this simulation, 0.1 mol/l was the initial concentration value of graphene oxide and 

hydrazine, as the simulation continues, rGO at 0.0 mol/l increases gradually. Other points are 

gotten from the equations. In summary, the only value entered into the simulation was 0.1 mol/l 

of GO and Hydrazine 

           

4.6 Concluding remarks  

A fast, cost-effective, and highly reproducible methodology of using soft chemicals to fabricate 

F: SnO2 nanostructures and their rGO based DSSCs has been presented. Nano composites of F: 

SnO2 were well characterized by using XRD, SEM, EDX, and DRS UV-Vis. In comparing the 

absorbance and transmittance of fluorine-doped tin oxide (F: SnO2) at 4%, 8%, and 12% with 

regard to wavelengths (ℷ) at 230 nm and 1100 nm; the result shows that at 12% (F: SnO2), the 

lowest absorbance yields better transmittance, increasing the cell's efficiency by 1.56%.  The 

power conversion efficiency (PCE) of DSSCs demonstrates that DSSCs fabricated with reduced 

graphene oxide improved cell performance and outdoor stability.   

The result shows that fluorine-doped tin oxide can influence the optical and electrical properties 

of the DSSC, and this finding is in line with [319, 320, 321, 323, and 324]. Also, the reduced 

graphene oxide showed an increase in hall coefficient and mobility with a decrease in carrier 

concentration with absorption around the visib1e region. The graphene oxide (GO) was 

successfully reduced to rGO. This further shows that the incorporation of rGO has the potential 

to enhance the visible light absorbance.  

From the results which show the rate of reduction of GO to rGO is primarily dependent on the 

concentration of the reducing agent, as the rate of reduction increases with increase in 

concentration of the reducing agent which in this case is hydrazine. 
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CHAPTER FIVE: NANOCOMPOSITE OF TiO2–rGO AS PHOTOANODE FOR DYE 

SENSITIZED SOLAR CELL 

5.0 Introduction 

Several studies have been focused on improving the efficiency of Dye sensitized solar cells 

through the improvement of the various components of the solar cell, while graphene, graphene 

oxide and reduced graphene oxide have been used for improving most Dye sensitized solar cells 

[325, 326, 328]. Dye-sensitized solar cells (DSSC) like photosynthesis sensitize dyes, absorb 

radiant energy and converts it into electricity. They comprise of a photoanode, a cathode, and an 

electrolyte. In the DSSC, dye imbedded in nanocrystalline semiconductors (TiO2), electrodes 

absorb photons from the sunlight, the dye molecules become excited and inject electron in the 

TiO2 semiconductor. Graphene oxide is a sing1e layer of carbon atom network and oxygen 

functional groups, such as epoxides, carboxylic acids, and alcohols, while reduced graphene 

oxide are single-layered sheets derived from the chemical reduction of graphene oxide (GO). 

These oxygen functional groups enable GO to exhibit good hydrophilicity, allowing it to disperse 

well in solvents, especially water. In improving DSSC, graphene has been explored by fusing the 

graphene material with titanium dioxide to form the photoanode. With this, increase in the 

efficiency of this solar cell may be achieved as, increase in the dye absorption can result in the 

increase in the absorption of photons [328]. Other reasons for enhanced performance may 

include improved porosity of the photoanode and improved charge collection facilitated by 

intimate contact between the highly conductive graphene materia1 and the TiO2 [1, 329] 

In the last two decades, renewed interests have been geared up for fabrication of rGO-TiO2 

binary semiconductor nano particles. Composite as a photo anode in dye sensitized solar cell 

rGO-TiO2 or TiO2-rGO is the molecu1ar formula for reduced graphene oxide-titanium (iv) 

oxide. It is a binary semiconduction material which is formed by blending rGO-TiO2 

semiconductor material resulting to a composite which is now termed rGO-TiO2 [330, 331, 298]. 

[332] reported that rGO-TiO2 is generated by stacking a layer of rGO onto mesoporous surface 

of TiO2 either through chemica1 bath deposition or hydrothermal process. 

Titanium (IV) Oxide – reduced graphene oxide (TiO2 – rGO) is utilized as a photo anode in dye 

sensitized solar cell (DSSC) [333, 334]. This is due to its outstanding quality in improving photo 

energy absorption, ability to increase mobility rate of photo electron and enhance the transport of 
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photo generated electron [326, 335, 336, 337] in their work discovered that the improved 

performance of the DSSC is traced to result from the improvement of all the component of the 

cell. The photo anode of the DSSC comprise of a dye sensitizer layer of semiconductor decorated 

on a conducting substrate. An ideal photo anode should exhibit high surface area for dye loading, 

be highly transparent, possess a high electron mobility rate, contain a hydroxyl group or defect 

site for trapping the photo generated e1ectron-ho1e pair to be separated [338, 339]. 

However, TiO2 is only active in the ultraviolet (UV) region of sunlight, which limits the light 

absorption of the bare TiO2 crystal to only 3% of the total solar energy output. Hence, 

deve1oping its band gap into a state capable of permeating into the visible region and thereby 

enhancing its efficiency of photo catalyst reactions required a1tering the band gap via band gap 

engineering [340]. In other to improve TiO2 performance for enhanced light absorption and 

reducing the electron hole recombination rate demands introduction on TiO2 crystal structures a 

suitable high surface area material such as graphene oxide or its partly reduced type [341, 342, 

343, 344]. 

Graphene and its partly reduced type called reduced graphene oxide (rGO) have attracted 

research interest and have emerged as a vehicle for photo catalytic application and have been 

regarded as a superior candidate due to their abundance, non-toxic nature, low cost and 

pronounced electronic properties and absorption ability of solar radiation in the visible region 

[345, 346]. Inclusively, rGO unique physical, chemical, optical and electric/electronic properties 

like fractional quantum hall effect at zero kelvin bipolar electric field effect couple with rapid 

conduction of charge carrier, alterable band gap and statistic feature have led to its 

recommendation as a way out to the draw back and constraint inherent in bare TiO2 

semiconductor material [347, 348, 349].The synergic integration of rGO on TiO2 resu1ts in 

separation of photo generated charge carrier thereby extending the lifetime of the excited state in 

the system and allow TiO2 based hetero junction photo catalyst make use of the visible region of 

the solar spectrum [298, 350]. 

Reported results gotten from absorption spectroscopy measurement revea1ed that transfer of 

photo excited electron from rGO occur faster than charges recombination. Also, the 

recombination of photo excited electron hole pair in the composite material is slower and 

suppressed than that in TiO2 alone [351, 352]. Integrating rGO on TiO2 orchestrated the amazing 
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electronic, chemical, optical and conductivity properties on the TiO2, mesoporous surface. 

Computational studies further showed that both the type and the concentration of the functional 

groups strongly affect the band gaps and the work function of the composite [353, 354].  

Against this background, this study reports the synthesis of reduced grapheme oxide -TiO2 

composite as a photo anode and its application in DSSC to increase the efficiency and 

performance of dye sensitized solar cell. Thus, to investigate the effect of rGO-TiO2 on the 

sensitizer (dye) in view to determining the effect of grapheme (rGO) on the recombination of the 

injected electrons, and the effect of grapheme (rGO) on the light scattering of the photoanode 

(TiO2 film) were achieved. 

5.1 Results and Discussion  

Table 5.1: Result of Hall Effect measurements for the fabricated TiO2 –rGO nanocomposites 

Optica1 Properties 1 Cyc1e 2 Cyc1e 3 Cyc1e 4 Cyc1e 

Bu1k\ Concentration   cm-3 -1.42 x 1011 -2.71 x 1011 -2.48 x 1011 -2.16 x 1013 

Mobi1ity cm2/Vs 9.31 x 102 8.78 x 102 4.95 x 102 4.10 x 103 

Sheet- Resistance Ω/□ 2.78 x 108 1.31 x 108 2.83 x 103 3.35 x 106 

Resistivity Ωcm 4.73 x 108 2.62 x 104 5.10 x 103 7.04 x 105 

Conductivity     1/Ωcm 2.11 x 10-5 3.81 x 10-5 1.96 x 10-4 1.42 x 10-3 

A-C Cross Ha11 Coefficient cm3/C 2.40 x 108 2.54 x 108 -4.22 x 107 1.83 x 106 

Magneto- Resistance Ω 1.62 x 108 2.39 x 108 3.44 x 107 6.69 x 106 

Average Ha11 Coefficient cm3/C -4.40 x 107 -2.30 x 107 -2.52 x 107 -2.89 x 105 

B-D Cross Ha11 Coefficient cm3/C -3.61 x 108 -3.00 x 108 -8.20 x 106 -2.41 x 106 

Ratio of Vertica1/Horizonta1 6.29 x 10-1 -3.59x 10-1 5.75 x 10-2 5.07 x10-1 

Sheet Concentration     cm-3 -2.41 x 107 -5.42 x 107 -4.46 x 107 -4.54 x109 

 

Hall effect measurement carried out on the produced film with varying film thickness showed 

than increase in film thickness increased the average hall coefficient as seen with cyc1e 4 (-2.885 

x 105 cm3/C) in Table 5.1. The increased film thickness increased the hall coefficient and 

mobility with a decrease in carrier concentration. RGO has attracted application in DSSC 

because it possesses high electron mobility. Incorporation of rGO in TiO2 film can form a 
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heterojunction at its interface and induce an internal electric field that separates the electron-hole 

pairs from the charge recombination.  Research has it that rGO -TiO2 gives better electron 

mobility leading to improved electron transport and dye absorption properties [355].  However, 

some researchers have reported incorporating a high fraction of the reduced graphene oxide is 

not a good choice for photoanode application as a result of reduced dye anchoring. This is 

because the dye sensitizer can anchor efficiently on the TiO2 surface rather than the rGO sheets. 

According to the results in (Table 5.1) above, the presence of graphene increased the mobility, 

which is expected to increase the electron transfer and power conversion efficiency of the DSSC. 

Also, the results are shown to be positive if the number of positive charges are more than the 

negative charges. The negative sign in A-C Cross Hall Coefficient is an indication of a defect 

present in sample 3 (3 cycle), it is insignificant. The negative sign in the ratio of vertical and 

horizontal in sample 2 shows there is a shift in size and crystallinity of the sample. It is also 

insignificant 

Profilometry study revealed grain development and dispersion with some spherical rod-like 

structure that was partially agglomerated. According to the findings, the film is smooth with 

minor layer surface roughness. 
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Figure 5.1: Profile graph for TiO2 –rGO nanocomposites 

UV−vis diffusive reflectance spectroscopy (DRS) is a powerful tool to investigate the light 

absorption phenomenon arising due to strong interactions between TiO2 band and rGO nano 

sheets. The Diffuse Reflectance-Ultraviolet visible spectroscopy characterization of the reduced 

graphene showed highest absorbance value at 202.2nm. The UV–vis spectrum of the reduced 

graphene oxide shows a sing1e broad absorption band at 202.2 nm as displayed in Figure 5.2. 

The reflectance was 3.55 at 1086 nm, while the transmittance was 39%. The red shift is 

displayed with UV–vis spectra of the reduced graphene oxide is been attributed to π → π* 

transition of the aromatic C–C bonds [356]. This shift in wavelength has been used to monitor 

the reduction reaction of graphene oxide (GO) to reduced graphene oxide. 
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Figure 5.2: UV-Vis spectra showing Absorbance against Wavelength for TiO2 –rGO 

 

 

 

 

 

 

 

 

 

Figure 5.3: UV-VIS spectra showing Reflectance against Wavelength for TiO2 –rGO 
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Figure 5.4: UV-Vis spectra showing Transmittance versus Wavelength for TiO2 –rGO 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5: UV-Vis spectra showing Refractive index against Wavelength for TiO2 –rGO 
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Figure 5.6: UV-Vis spectra showing Extinction Coefficient against Wavelength for TiO2 –rGO 

 

 

 

 

 

 

 

 

 

Figure 5.7: UV-Vis spectra showing Real Dielectric Constant against Wavelength for TiO2 –rGO 
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Figure 5.8: UV-Vis spectra showing Imaginary Dielectric Constant against Wavelength for TiO2 

–rGO 

 

 

 

 

 

 

 

 

 

 

Figure 5.9: UV-Vis spectra showing Optical Conductivity against Wavelength for TiO2 –rGO 

 



 113 

 

 

 

 

 

 

 

 

 

 

Figure 5.10: UV-Vis spectra showing (αhv)2 Against Photon Energy (hv) for TiO2 – rGO 

From figure 5.2, within the UV – region, absorbance is very high. At 200 nm, absorbance is 99.7 

% up to 330 nm which reduces to 95.95 % at 400 nm. In the visible region, absorbance reduced 

from 97.95 % at 400 nm to 95.80 % at 525 nm and then to 68.40 % at 800 nm. At Near Infrared 

(NIR), the absorbances from 68.40 % at 800 nm to 44 % at 1100 nm. Generally, there was very 

high absorbance in the UV – region and to around 525 nm in the Vis – region before decreasing 

sharply to 44 % in the NIR – region. Due to the high absorbance of the material in the UV – 

region, it can be applied as absorbing layer in solar cell application.  

From figure 5.3, no reflectance was observed within the UV – region. General increase was 

observed, though, very low, with reflectance of 0.27 % at 400 nm to 1.31 % at 800 nm in the 

visible region. In the NIR, the reflectance further from 1.31 % at 800 nm to 2.46 % at 1090 nm. 

With this material exhibiting high absorbance, low transmittance and very low reflectance in the 

UV – Vis regions, such material can be very useful as absorbing layers in solar cell applications 

and UV sensors. 

From figure 5.4, no reflectance was observed within the UV- region. General increase was 

observed, thou, very low, with Reflectance of 0.27% at 400nm to 1.31% at 800nm in the visible 
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region .in the NIR, the reflectance further from 1.31 % at 800 nm to 2.46 % at 1090 nm. With 

this material exhibiting high absorbance, low transmittance and very low reflectance in the UV –

Vis regions, such material can be very useful as absorbing layers in solar cell applications and 

UV sensors. 

 

From figure 5.5 The refractive index of the material increased steadily within the visible region 

from around 1.12 at 400 nm to 1.22 at 800 nm. In the NIR. The increment continued from 1.22 at 

800 nm to 1.37 around 1090 nm. On the whole, there was a gradual increase in the refractive 

index of the material. 

 

From figure 5.6, it can be seen that the Extinction Coefficient increased sharply at about 200 nm 

wavelength to about 500 nm Wavelength before gradually climaxing at around 700 nm 

wavelength. From this point, at a value of about 0.040, it decreases steadily in the visible region 

into the NIR region to a value of about 0.034 around 1090 nm Wavelength.  

From figure 5.7 the Real Dielectric Constant of the thin film increased from 1.22 at 400 nm to 

1.52 at 800 nm in the visible region. In the NIR region, it further increased from 1.52 at 800 nm 

to around 1.84 at 1080 nm Wavelength. 

From figure 5.8, the value of Imaginary dielectric constant increased from 0.03 at 200 nm 

wavelength to 0.055 at 400 nm in the UV region. It increased further from 0.055 at 400 nm to 

around 0.103 at 800 nm in the visible region before decreasing to 0.096 in the Near Infra- Red 

region. 

From figure 5.9, it can be observed from the graph that from Wavelength of 400nm to 550nm the 

optical conductivity was constant with value at2.40E+011. At this point, it decreases steadily 

through the remaining part of visible Wavelength into Near Infra-red region to below 1.40E+011 

at 1100nm Wavelength. 

From figure 5.10, the direct band gap energy was obtained by extrapolating the straight portion 

of the graphs to the axis of photon energy (hv) where (αhv)2= 0. The Band gap is found to be 

2.75. This wide Band gap exhibited by the thin film indicates that it is a good material for solar 

cell applications. 
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The UV-Vis optical absorption data shows that the value of band gap energy decreased from 

3.6eV to 1.4eV with increase in quantity of dopant. This reduction might be attributed to electron 

or hole trappy at the donor and acceptor level in the TiO2- – rGO band structure. The visible light 

absorption is facilitated or increased due to the reduced recombination of photogenerated charge 

carrier and high specific surface area.  

The results obtained suggests that there is a strong interaction between the TiO2 and the rGO 

which could result in improved visible light absorption and certainly boost the light harvesting 

performance when used in the dye sensitized solar cell [357]. The optical band gap energy 

studied showed that the band-gap values of the sample reduced significantly with the presence 

rGO content, enhancing the interaction between TiO2 and rGO nano sheets. It was also reported 

by researchers that the bond formation between TiO2 and rGO via a Ti−O−C or O−Ti−C linkage 

is highly responsible for reduction of band-gap energy, inhibiting recombination. [358]. This 

result also confirms the successful formation of TiO2 –rGO nanocomposites. 

 

The characteristics of the Dye-sensitized solar cell fabricated with roselle dye which is an extract 

of hibiscus sabdariffa with and without graphene is shown in (Table 5.2 and 5.3) below. The 

simulation results for the cell parameters obtained for the DSSC with reduced graphene oxide 

were; open circuit vo1tage (0.53V), short circuit photocurrent (0.11mA/cm2), fill factor (0.02) 

and photoelectric conversion efficiency (11.52 %); while the results obtained for the DSSC 

without reduced graphene oxide were; open circuit voltage (0.56V), short circuit photocurrent 

(0.63mA/cm2), fill factor (0.03) and photoelectric conversion efficiency (4.70 %). The 

performance of the dyed cell with reduced graphene oxide showed a higher power conversion 

efficiency compared to the cell without graphene. Thus, showed an impressive out-door 

photovoltaic behaviour.  
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Tab1e 5.2: Summarized I-V measurements for simulation of dye sensitized solar cell with and 

without reduced graphene oxide  

Fabricated DSSC Voc (v) Jsc mA/cm2 Pmax (w) FF η (%) 

With rGO 0.5390 0.119 0.0018 0.0243 11.52 

Without rGO 0.5690 0.064 0.0013 0.0318 4.70 

 

Tab1e 5.3: Results of I-V measurements for stability test of reduced graphene oxide synthesized 

DSSC  

Time (hrs) Voc (v) Jsc mA/cm2 Pmax (w) FF η (%) 

72 0.497 0.1265 0.0019 0.0274 11.90 

144 0.498 0.1165 0.0019 0.0291 11.02 

216 0.497 0.1092 0.0019 0.0315 10.30 

288 0.497 0.1048 0.0019 0.0242 9.90 

360 0.496 0.0962 0.0018 0.0318 8.60 

422 0.498 0.0852 0.0016 0.0326 6.80 

504 0.496 0.0795 0.0015 0.0339 5.90 

576 0.498 0.0771 0.0015 0.0332 5.80 

648 0.497 0.0651 0.0006 0.0129 1.92 

 

The presence of the rGO layer of 0.15 wt.% in the TiO2
 layer led to a better power conversion 

efficiency because of the TiO2-rGO sandwich structure, the efficiency of DSSCs was improved.  

The enhanced performance of DSSCs with the sandwich structure can be attributed to an 

increase in electron transport efficiency and in the absorption of light in the visib1e range. The 

resu1ts obtained suggest that the recombination rate of electron–hole charge carriers can be 

effectively inhibited as a result of the reduced graphene oxide (rGO) in the composite and also 
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increase the rate of electron transfer in the DSSC operation. The presence of rGO in the TiO2 

increased the e1ectron transport efficiency, and this resu1ted in increase in the DSSC 

performance. This study shows that the incorporation of reduced graphene oxide has the 

potential of enhancing the   absorption because the presence of rGO can affects the optical 

properties of TiO2-rGO, through a decrease in band gap energy and a decrease in charge carrier 

recombination compared to pure TiO2, thus increasing light absorbance [350].  The size of TiO2 

was reduced by the introduction of rGO that is electron rich material/surface where the electron 

attraction between Ti4+ and the rGO surface resulted to reduction in the size of TiO2 [359]. The 

addition of rGO greatly increase the porosity of the active area for the roselle dye attachment 

[359]. Similarly, the active surface area of TiO2-rGO is larger than pure anatase TiO2 to activate 

the photocatalysis response from illumination, and this correspond to [360].  This study also 

shown that the inclusion of reduced graphene oxide in the nano composite decreased/eliminated 

the problem of recombination by functioning as electron acceptors. The results obtained agreed 

with the report by [361, 362, 363, 364, 366]. This resulted in an improved performance of DSSC 

combined with reduced graphene oxide utilizing a natural dye. In summary, the composite DSSC 

had a Voc of 0.50 V, a fill factor (FF) of 0.02, and a computed efficiency of 11.52%, which was 

greater than standard DSSC. The result also was in agreement with reports by (370, 371) 

The electrolyte degradation within the period of four weeks were investigated by I-V 

measurements using a solar simulator under A.M. 1.5 (100mw/cm2). The results for the long-

term stability test (S) carried out is shown in Figures 5.11-5.15. The value for the short circuit 

current gradually decreased by 39 % of its initial value of 0.13 mA/cm2 after the first 24 days. 

The value for efficiency was stab1e for the first 12 days then gradually decreased to 24 % of its 

initial value under white light irradiation after the first 24 days. The results for the stability test 

under white light irradiation showed a stable power conversion efficiency for the first 12 days. 

This was followed by a slight decrease, which was about 93% of its initial value after the first 12 

days. This shows that DSSC fabricated with graphene is stable under white light irradiation. 

However, the cell exhibited a poorer photovoltaic behavior on the fourth week. The poor 

photovoltaic performance of the roselle-dyed cell under out-door operation can be clearly 

observed in Figure 5.12. 
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Figure 5.11: Graph of goodness of fit for Current density of DSSC Performance  

 

Figure 5.12: Graph of goodness of fit for Maximum Power (Pmax) output of DSSC 
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Figure 5.13: Graph of goodness of fit for Power conversion efficiency (PCE) of DSSC  

 

Figure 5.14: Graph of goodness of fit for Fill- Factor (FF) of DSSC  
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Figure 5.15: Graph of goodness of fit for open circuit voltage of DSSC. 

 

 From figure 5.15, the curve appears to be sinusoidal and hence Fourier Transformation was used 

to determine the voltage 

 

  

The constants were determined using linear regression analysis; 
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Tab1e 5.4: show Voltage for stability test of DSSC after Fourier Transformation 

Time 

(hrs) 
Voc (V)        

72 0.497 -0.967 0.254 0.126 -0.481 -0.246 0.064  0.936  

144 0.498 0.871 -0.491 -0.245 0.434 -0.428 0.241  0.759  

216 0.497 -0.718 0.696 0.346 -0.357 -0.500 0.484  0.516  

288 0.497 0.518 -0.856 -0.425 0.257 -0.443 0.732  0.268  

360 0.496 -0.284 0.959 0.476 -0.141 -0.272 0.920  0.080  

422 0.498 0.518 0.856 0.426 0.258 0.443 0.732  0.268  

504 0.496 0.224 0.975 0.483 0.111 0.218 0.950  0.050  

576 0.498 -0.464 -0.886 -0.441 -0.231 0.411 0.785  0.215  

648 0.497 0.673 0.739 0.367 0.335 0.498 0.546  0.454  

Sum 4.474 0.371 2.246 1.114 0.185 -0.318 5.455 3.545 

 

Substituting in the sum values in table 5.4 into equation 5.4 gives; 

 

 

 

Solving these equations with computer using matrix method yields; 

 

 

 

Therefore, the model equation is; 

 

5.4 
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Where Voc is the open circuit voltage and t is the time 

From figures 5.11 to 5.14, the correlation coefficient or goodness of fit R2 are 0.9786, 0.9116, 

0.9599, and 0.9569  for Jsc, Pmax, η, FF and 0.999 respectively. This shows that the higher the 

goodness of fit the higher the value of Jsc, Pmax, η, FF and Voc. which implies that the goodness of 

fit can be used to predict Jsc, Pmax, η, FF and Voc respectively. From figure 5.15 the curve appears 

to be sinusoidal and hence it was determined using Fourier Transformation. The equation for the 

voltage is Voc = 49.992 + 0.768 cos t + 1.001 sin t. The correlation coefficient can be used to 

predict the Jsc, Pmax, η, FF and Voc parameters respectively. 

From table 5.3, the efficiency of the cell reduced drastically during the fourth week of the 

experiment which may be due to gradual leakage of the electrolyte or less capacity to retain it.  

The results shows that there was a trend in the degradation.  The degradation in efficiency and 

Jsc was in a decreasing trend after been stable for 12 days. This can be attributed to low amount 

of electron flows. Also, it can be attributed to electron recombination by the tri-iodide ions in the 

TiO2/dye interface where it degrades the photovoltaic   performance of the cell. Thus, the 

presence of the rGO facilitates the photogenerated electrons in the conduction band of the TiO2 

to flow into the external circuit of the DSSC where it acts as an e1ectron conducting path that 

suppress recombination and increases the Jsc values as deduced in the graph above (figure 5.11) 

Research has shown that roselle dye seems to be unstable in their lifetime due to the degradation 

and low electron injection after 336 hours. [365] in his research reported that natural dye 

demonstrated lower power conversion efficiencies than dyes like ruthenium-based dye due to 

dye degradation. Also, [367] mentioned that weak binding energy of natural dyes with TiO2 film 

and low charge transfer absorption in the visible light region can degrade their photovo1taic 

performance. 
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Figure 5.16: Fabricated DSSC- Dye-Sensitized So1ar Cell 

 

5.2 Concluding Remarks 

Titanium dioxide–reduced graphene oxide was synthesized successfully by a spin Coating 

method. The effect of TiO2 -rGO on the sensitizer (dye) with a view to determine the effect of 

reduced graphene oxide (rGO) on the recombination of the injected electrons was investigated. 

The graphene in the composite material can effectively inhibit the recombination of 
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photogenerated electrons and holes, increase the contact area with dye molecules, improves the 

photocatalytic performance of the material, in line with [334]. 

I-V measurements utilizing a solar simulator under A.M. 1.5 (100mW/cm2) were used to study 

the effect of electrolyte degradation over a four-week period. The rGO – TiO2 incorporated dye 

sensitized solar cell demonstrated increased performance. These are evident in the simulation 

findings for the DSSC with rGO – TiO2, which produced an open circuit voltage of 0.53V, a 

short circuit photocurrent of 0.12 mA/cm2, and an enhanced photoelectric conversion efficiency 

of 11.52 %. The improved performance of DSSCs with rGO may be ascribed to an increase in 

electron transport efficiency and visible light absorption [247, 368].  

When rGO is used, its performance improves due to increased light absorption, a wider range of 

absorption wavelengths, faster electron transport efficiency, and suppression of charge 

recombination. The power conversion efficiency (PCE) of DSSCs demonstrates that DSSCs 

constructed using reduced graphene oxide increased cell performance and demonstrated good 

outdoor stability. Thus, by adding rGO and natural dye into the cell, the efficiency of DSSCs 

increased. This is more environmentally friendly than traditional silicon-based cells, 
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CHAPTER SIX: GENERAL CONC1USIONS AND RECOMMENDATIONS 

6.0 Conclusion 

The synthesis of f1uorine-doped tin oxide (FTO) by Aerosol Assisted Chemica1Vapour 

Deposition (AACVD) using isopropanol as precursor due to its environmental friendliness was 

achieved and the application of Hummer’s method (Tour’s method) for the synthesis of the rGO 

was possible and effectively incorporated for which DSSC with a rGO -TiO2 based photoanode 

was fabricated successfully. Based on this research, comparing the absorbance and transmittance 

of fluorine-doped tin oxide (F: SnO2) at 4%, 8%, and 12% with regard to wavelengths (ℷ) at 230 

nm and 1100 nm; It shows that at 12% (F: SnO2), the lowest absorbance yields better 

transmittance, increasing the cell's efficiency by 11.52%. A DSSC cell with FTO thin films as a 

counter electrode and rGO-TiO2 as a photoanode and catalyst are made and characterized as part 

of the work. Cell efficiency served as the basis for evaluating cell performance. As a result, the 

study's aim has been accomplished. F:SnO2 shows high carrier mobility and a more 

positive Conduction Band (CB)  edge than TiO2. The high carrier mobility leads to faster charge 

transport (CT) to TCO, thereby eliminating recombination. The wide bandgap (2.75) of ~3.6 eV 

does not allow the formation of oxidative holes in the SnO2 CB in the presence of high-energy. 

Hence, it diminishes the dye degradation to ~1.4 eV and improves device stability. 

Screen printing and spin coating were used to introduce rGO into the photoanode of DSSCs, 

which is a straight forward approach. The presence of rGO increased light absorption and 

absorption across a wide range of wavelengths. The numerous drops were divided into cycles, 

with cycle 4 being employed for this production. The graphene concentration in cycle four 

increased film thickness, which enhanced the hall coefficient and mobility with a drop-in carrier 

concentration. As a result, the DSSC's overall performance improved. 

With reduced graphene oxide integration, the performance of the DSSC cell was improved with 

a photoelectric conversion efficiency of 11.52% (370) (371). The improved performance of 

DSSCs with rGO can be ascribed to an increase in electron transport efficiency and visib1e light 

absorption. When rGO was used, the performance improved due to increased light absorption, a 

wider range of absorption wavelengths, faster electron transport, and suppression of charge 

recombination. The study focused on the topic of recombination. The results indicate that the 

reduced graphene oxide (rGO) in the composite can effectively decrease the recombination rate 

https://www.sciencedirect.com/topics/engineering/carrier-mobility
https://www.sciencedirect.com/topics/engineering/conduction-band-edge
https://www.sciencedirect.com/topics/engineering/conduction-band
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of electron–hole charge carriers while simultaneously increasing the rate of electron transfer in 

the DSSC operation. 

The power conversion efficiency (PCE) of DSSCs demonstrates that DSSCs constructed using 

rGO -TiO2 increased cell performance and demonstrated good outdoor stability. Thus, by 

integrating graphene and a natural dye (Roselle) inside the cell, the efficiency of the DSSCs can 

be increased. In general, the primary stability of DSSC has been a major issue; however, the 

incorporation of rGO into the DSSC component has enhanced the DSSC's efficiency and 

stability. The presence of reduced graphene oxide also resulted in increased light absorption and 

a broad spectrum of absorption wavelengths. It increased connectedness while decreasing 

recombination. Thus, rGO -TiO2/TiO2 – rGO was incorporated into DSSCs and improved its 

efficiency successfully, and has been revealed in this study as a good material for solar cell 

applications. 

 

6.1 Suggestion for further work or recommendation 

It will be interesting to explore the stability of DSSC when graphene is mixed with synthetic dye 

and compare its performance in terms of DSSC efficiency enhancement. It should be proved that 

the addition of graphene into a synthetic dye combination improves cell efficiency. More 

research can be done to determine the performance of DSSC modules when they are scaled up. 

Further research can consider also, Improving the performance of dye-sensitized based carbon-

nanotube ZnO2 solar cell for power generation; fabrication of high-performance electrodes with 

polyelectrolytes in DSSCS for power generation. 

Researchers should consider how to narrow the bandgap of the active material more by forming 

a heterojunction with the doping of another material. 
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APPENDIX 

Quantity of materials used  

i.  0.1 mol SnCl2  

50ml x 225.6 x 0.1/1000 =1,128g 

ii.  0.4 mol acetyl acetonate  

    50ml x 100.16 x0.4/1000 =2.003g 

iii.  0.1 mol Ammonium fluoride (NH4F) 

    20 ml x 37.04 x 0.1/1000 = 0.074g 

 

Amount of dopant used  

i. 4% doppant 

4/100 X 200 ml = 8 ml 

 (8 ml ammonium fluoride  was added to 192 ml Tin acetyl acetonate) 
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Similarly the above calculation was repeated for  8%, and 12% respectively); 

8/100 X 200 ml =16 ml, (16 ml ammonium fluoride  was added to 184 

ml Tin acetyl acetonate) 

 

12/100 X 200 ml = 24 ml; (24 ml ammonium fluoride  was added to 176 

ml Tin acetyl acetonate) 

 

Dispersion of GO 

 15mg of powder rGO was dispersed in 70% acetone and 30% of H2O i.e. 11ml of acetone and 

H2O. 

 

 

    

    1.4 mg/ml 

Therefore, the concentration of rGO was 1.4 mg/ml (15mg of GO + 11ml of 70% acetone and 

30% H2O) 

Calculation of efficiency 

Applying equation   η = Voc × Jsc × ff/Pin × 100 

 Where          ff =   Voc ×Jsc × Pmax / Voc × Jsc  = Pmax = 0.0018 

Voc = 0.5390, Jsc = 0.118739, and Pin = 1/1000, ff = 0.0018 

η =  0.5390 × 0.118739 × 0.0018  × 100 ×1000 

    = 11.52 % 
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A: Chemical Vapour Deposition (CVD) 
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B : Four-point probe for electrical characterization 

 

 

C: UV-Vis spec for photo-response determination
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D: Spin-coater for deposition of the blocking layer (BL) 
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E: Water Distiller 
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F: Furnace for annealing and sintering processes 



 169 

 

 

G: Tubular Furnace 
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H: Solar Simulator for the determination of cell efficiency (I-V characteristics) 

 

 

 

I: AACVD – Aerosol Assisted Chemical Vapour Deposition 
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J: Screen Printing and Spin coating of TiO2-rGO 
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K: Magnetic Stirrer hotplate – drying of TiO2 – rGO nano composite 
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L: Piranha and slides (Cleaning of slides) 
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M: XRD Machine 

 

 
 

N: SEM/EDX Machine 
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