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Abstract 

This thesis involves studies of dye sensitization of dye-sensitized solar cell (DSC) 

devices using ultra-fast dyeing and ultra-fast desorption. The work includes studies of 

adsorption isotherms, uptake kinetics and the development of a new method for dye 

adsorption, desorption and re-dyeing. 

The development of a new method of adsorption, desorption and re-dyeing of devices 

using different desorption solutions with the aim of developing precise dye loading 

control for different sensitizers. Initially the adsorption of the Ru(II) complex (N719) 

and the organic dye (SQl) have been studied on Ti02 films and the data modelled using 

Langmuir and Freundlich isotherms. The adsorption data were best represented by the 

Langmuir model for N719 and by the Freundlich model for SQ 1. A new method of 

ultra-fast dyeing, desorption and re-dyeing has been developed which enables much 

greater control over dye loading than is possible by passive dyeing. It has been shown 

that one device can be dyed, desorbed and re-dyed use more than ten times giving the 

similar performance to the first dyeing. Different alkaline solutions have been tested for 

desorbing N719 from Ti02 such as LiOH, NaOH, KOH, Bu4NOH and tris

(hydoxymethy)ethylamine prior to device re-dyeing. Ultra-fast desorption by Bu4NOH 

and re-dyeing with the same dyes and also with different dyes has been successfully 

achieved. The method has been developed to control dye loading by partial dye removal 

using varying volumes or concentration of Bu4NOH. A new procedure for the selective 

removal of dyes has also been developed; N719 by LiOH, SQl by dilute Bu4NOH and 

D149 by concentrated Bu4NOH followed by acetone and ethanol. This method has been 

used to change dyes on the surface and also to quantify dye adsorption in DSC devices. 

Ultra-fast co-sensitization of Ti02 with more than two dyes (N719 plus various organic 

dyes) using sequential or multiple dyeing on P25 and commercial DSL18NR-T Ti02 

films have been also studied. Sequential ultra-fast co-sensitization with new yellow 

triphenylamine dye (YD) and N719 yielded ll 7.5% which is higher than the individual 

dyes. Multiple dyeing from a mixed 6% SQ 1 :N719 solutions gave Tl 7 .1 % which is also 

higher than for the corresponding individual dyes. The best ratio for mixing N719: 

D149 is 1 :3 v/v which yielded Tl = 8.2%. Co-sensitization with three dyes and four dyes 
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has been also studied and the devices show improved efficiencies compared to the 

respective individual dyes. 

The rates of adsorption of dyes from mixed dye solutions were studied on TiO2 using 

the selective desorption methods developed in chapter three. The kinetics of the 

adsorption of yellow triphenylamine dye (YD) were studied using ultra-fast and passive 

dyeing. The results show that adsorption of YD by passive dyeing follows a pseudo 

second order kinetic model with a rate constant of 9.8 x 10-5 cm2.µg- 1.min-1 with the 

TiO2 surface reaching saturation in ca. 350 min. However, ultra-fast dyed YD followed 

a pseudo-first order model with a rate constant of 11.16 x 10-2 min-1 and the surface was 

reached saturation in 10 min. The experimental data for the ultra-fast co-adsorption of 

mixed YD: N719 solutions shows YD data can be modelled by both pseudo first order 

and pseudo second order models but that N719 best fitted with a pseudo first order 

model. The kinetics adsorption of mixed 5% SQ 1 :N719 solutions also were studied and 

the results show both dyes followed both pseudo-first order and pseudo second order 

models. The effect of dyeing time on the IV device data have also been studied showing 

that efficiency and photo-current increased with increasing dye loading presumably 

reflecting higher electron injection into the TiO2 conduction band. 

IX 



Table of Contents 

Declaration and Consent I 

Acknowledgement V 

List of abbreviations VI 

Publications VII 

Abstract VIII 

1 Chapter One Introduction 1 

1.1 Area of Study 1 

1.2 Introduction of renewable solar energy 1 

1.3 Photovoltaic solar energy 4 

1.4 Dye-sensitized solar cells (DSCs) 9 

1 .4.1 Structure of dye sensitized solar cell 10 

1.4.2 Operation principle of dye sensitized solar cell 11 

1.4.3 Conversion efficiencies 13 

1.5 Factors affecting DSC device solar energy conversion efficiencies 14 

1.5.1 Sensitizers 14 

1.5.2 Electrolyte 20 

1.5.3 Semiconductor 22 

1.5.4 Counter electrode 22 

1.6 Adsorption 23 

1. 7 Adsorption isotherms 26 

1.7.1 Freundlich isotherm 26 

1. 7 .2 Langmuir isotherm 26 

1.8 Dye adsorption and DSC 27 

1.9 The aim of project 31 

1.10 References 33 

2 Chapter Two Experimental 44 

2.1 Experimental Part 44 

2.2 Materials 44 

2.2.1 Conductive glass 44 

X 



2.2.2 TiO2 paste 

2.2.3 Counter electrode 

2.2.4 Redox electrolyte 

2.2.5 Chemicals 

2.2.6 Sensitizers 

2.3 Instruments 

2.3.1 UV-Vis Spectroscopy 

2.3.2 1-V measurments 

2.3.3 Thermogravimetry (TGA) 

2.3.4 External quantum efficiency (EQE) measurements 

2.3.5 Digital Camera 

2.3.6 Fast dyeing technique 

44 

45 

45 

45 

45 

45 

45 

46 

47 

47 

48 

48 

2.4 Experiments Relating to Chapter 3 - Adsorption - Desorption and Re-dyeing 48 

2.4.1 Molar extinction coefficient (E) 

2.4.2 Adsorption isotherm experiments 

2.4.3 Device Manufacture 

48 

49 

49 

2.4.4 Investigation of SQl and N719 sorption from mixed dye solution by passive 
dyeing 50 

2.4.5 Studies of dye desorption by different alkali solutions 51 

2.4.6 Dark current measurement 52 

2.4.7 Device error 52 

2.4.8 Desorption and re-dyeing the Ru-bipyridyl Dye - N719 52 

2.4.9 Desorption and re-dyeing the Ru-terpyridyl Dye - "Black dye" 53 

2.4.10 Desorption and re-dyeing with the organic dye SQl 54 

2.4.11 Desorption and re-dyeing with the organic dye D149 54 

2.4.12 Desorption and re-dyeing with different dyes 55 

2.4.13 Changing the orders of dyeing N719 and SQ 1 55 

2.4.14 Desorption and re-dyeing using mixed dye solutions 55 

2.4.15 Effect of Bu4NOH concentration on dye desorption 56 

2.4.16 Effect of varying volumes ofBu4NOH on dye desorption 56 

2.4.17 Studies of partial dye removal and re-dyeing 56 

XI 



2.4.18 Study of repeated partial desorption and re-dyeing with different dyes 57 

2.4.19 Study of the selective removal ofN719 58 

2.4.20 Selective removal ofN719 and Dl49 59 

2.4.21 Selective removal ofN719, SQl and Dl49 59 

2.5 Dye Experiments Relating to Chapter 4 - Co-Sensitization 60 

2.5.1 Co-sensitization ofHf-SQlwith N719 60 

2.5.2 Studies of controlling dye loading in co-sensitized devices 60 

2.5.3 Co-sensitization using SQl :SQ2 mixtures 61 

2.5.4 Co-sensitization by sequential dyeing of SQl and SQ2 61 

2.5.5 SQl Dyeing, Partial and Selective removal and N719 re-dyeing 62 

2.5.6 Co-sensitized sequence ofN719 the SQl 62 

2.5.7 Co-sensitization with 6% SQ1:N719 63 

2.5.8 Co-sensitization with single Yellow dye YD 63 

2.5.9 Co-sensitization of YD and N719 64 

2.5.10 Co-sensitization ofSQl and YD 64 

2.5.11 Sensitization using Dl49 64 

2.5.12 Co-sensitization of YD with Dl49 65 

2.5.13 Sequential co-sensitization ofN719:D149 (10:1) 65 

2.5.14 Co-sensitization of a mixed solution ofN719:Dl49 (1 :1 v/v) 66 

2.5.15 Co-sensitization of a mixed solution ofN719:Dl49 (1 :2) (v/v) 66 

2.5.16 Co-sensitization using a mixed solution of three dyes (N719:Dl49:SQ1) 66 

2.5.17 Sequential co-sensitization with three dyes (N719:D131 :SQl) 67 

2.5.18 Sequential dyeing and desorption of(N719: YD: SQl) 67 

2.5.19 Sequential ultra-fast co-sensitization of YD and N719:D149 68 

2.5.20 Sensitization with the triarylamine red dye (RD) 68 

2.5.21 Sequential co-sensitization with YD, then RD, then N719 68 

2.5.22 Co-Sensitization with a mixed solution of four dyes (N719:Dl49:YD: 
SQl) 68 

2.5.23 Co-sensitization of four dyes and studies of selective removal 69 

2.5.24 Co-Sensitization with a mix of (D13 l :SQl) followed by a mix of 
D149:N719 70 

XII 



2.6 Experiments Relating to Chapter Five (Adsorption kinetics) 

2.6.1 Adsorption kinetics by passive dyeing 

2.7 References 

3 Chapter Three - Ultra-fast selective dyeing, desorption and re-dyeing for highly 

70 

70 

72 

controlled sensitization of dye sensitized solar cell photo-electrodes 75 

3 .1 Introduction 

3.2 Aim of study 

3.3 Result and discussion 

3 .3 .1 Molar extinction coefficient 

3.3.2 Adsorption isothenns 

3.3.3 Investigation of desorption process 

75 

75 

76 

76 

81 

87 

3.3.4 Ultra-fast desorption by various alkali solutions and re-dyeing with (N719) 
dye 98 

3.3.5 Dark current measurement 97 

3.3.6 Device errors 99 

3.3.5 Desorption from the device by Bu4NOH 100 

3.3.5.1 Desorbing and Re-dyeing the Ru-bipyridyl (N719) 100 

3.3.5.2 Re-dyeing the Ru-terpyridyl Dye - "Black dye" 102 

3.3.5.3 Re-dyeing with an organic dye 104 

3.3.5.4 Re-dyeing the organic dye D149 106 

3.3.5.5 Re-dyeing with different dyes 108 

3.3.5.6 Dyeing, Desorbing and re-dyeing of multiple dyes 109 

3.3.6 Effect ofBu4NOH concentration on dye desorption 111 

3.3.7 Effect of volume of Bu4NOH at constant concentration 113 

3.3.8 Studies of partial dye removal and re-dyeing 116 

3.3.9 Study ofrepeated partial desorption and re-dyeing with different dyes 119 

3.3.10 Studies of selective dye removal 122 

3.3.10.1 Study of the selective removal ofN719 122 

3.3.10.2 Selective removal ofN719 and re-dyeing with D149 124 

3.3.10.3 Selective removal ofN719, SQl and Dl49 127 

3.4 Conclusions 131 

XIII 



3.5 References 

4 Chapter Four Ultra-Fast Co-sensitization 

4.1 Introduction 

4.2Aim of the study 

4.3 Results and discussion 

4.3.1 Co-sensitization with N719 and Hf-SQl 

4.3.2 Studies of controlling dye loading 

132 

133 

133 

135 

135 

135 

139 

4.3.3 Comparison between P25 and commercial TiO2 DSL-18NRT pastes 141 

4.3.4 Effect of CDCA co-adsorbent on the co-sensitization of a mixture of 
SQ1:SQ2 142 

4.3 .5 Co-Sensitization by sequential dyeing 144 

4.3.6 Study of various additions of SQl for co-sensitizing SQl with N719 147 

4.3.7 Co-sensitization with 6% SQl: N719 153 

4.3.8 Co-sensitization of YD with N719 155 

4.3.9 Co-sensitization ofSQl and YD 159 

4.3.10 Co-sensitized YD with D149 161 

4.3.11 Co-sensitization N719 with varying ratios ofD149 162 

4.4 Co-sensitization with three dyes mix ofN719:D149:SQ1 169 

4.4.1 Co-sensitizationof(N719:D131:SQ1) 170 

4.4.2 Co-Sensitization of (N719: YD: SQl) 172 

4.4.3 Co-Sensitization with YD:N719:D149 174 

4.4.4 Co-Sensitization with a mixture of (N719: YD: RD) 175 

4.4.5 Co-Sensitization with four dyes (N719:D149:YD:SQ1) 179 

4.4.6 Stepwise co-Sensitization with four dyes (N719:D149: YD: SQl) 181 

4.4.7 Co-Sensitization with a mix ofD131 :SQl and mix ofD149:N719 183 

4.5 Conclusions 185 

4.6 References 185 

5 Chapter Five: Study of kinetics of Dye-sensitization for DSC Devices 188 

5.1 Introduction 188 

5.2 Previous work on the Kinetics of dye adsorption on TiO2 188 

5.3 Aim of study 190 

XIV 



5.4 Results and discussion 

5.4.1 Kinetics of passive adsorption of YD on TiO2 

5.4.2 Kinetic study of ultra-fast dyeing YD on TiO2 

5.4.3 Photovoltaic measurements of sensitization YD 

191 

191 

196 

200 

5.5 Kinetics of co-adsorption of mixed YD and N719 solution by ultra-fast dyeing 
on TiO2 203 

5.5.1 Study of the effects of dyeing time 204 

5.5.2 Determination ofrate constants for N719: YD co-sensitization 206 

5.6 A study of the Kinetics of ultra-fast adsorption of6.4 % SQl: N719 on TiO2 
photo-electrodes 211 

5.6.1 Effect of contact time 211 

5.6.2 Comparison of kinetic models for ultra-fast adsorption ofN719 and SQl from 
a mixed 5 % SQ 1 :N7 l 9 solution 216 

5.6.3 Effect of adsorption time of 5%SQ1 :N719 on DSC device measurements2 l 8 

5.7 Conclusions 220 

5.8 References 222 

6 Chapter six General Conclusion 224 

6.1 General conclusion and future work 224 

6.2 Ultra-fast selective dyeing, desorption and re-dyeing 224 

6.3 Ultra-fast co-sensitization 225 

6.4 Kinetics study 227 

6.5 Recommendations and future work 228 

Appendix 1 Calibration curve data for N719 in ethanol 11.max 532 nm 229 

Appendix 2 Calibration curve data for SQl in ethanol at 11.max 636 nm 229 

Appendix 3 Calibration curve data for N719 in 40 mM Bu4NOH at 512 nm and 636 
run. 230 

Appendix 4 Calibration curve data for N719 dye in 0.1 M Li OH at 504 run 231 

Appendix 5 Calibration Curve for YD in ethanol 231 

Appendix 6 Calibration curve data for D149 in tert-Butanol:Acetonitrile (1 :1) at 11,max 
532 run 232 

xv 



Appendix 7 Data of the amount of desorption N719 and SQl in different% 

SQ 1 :N719 by tert-Butyl ammonium hydroxide 23 3 

XVI 



Chapter One Introduction 

1.1 Area of Study 

The work in this PhD thesis is associated with three main areas of research: i) 

controlling multiple dye loading through the development of a novel method of 

desorbing and re-dyeing the photo-electrode for dye sensitized solar cells (DSCs) ii) 

studies of the ultra-fast co-sensitization of Ti02 photo-electrodes for DSCs and iii) 

kinetic studies of the co-adsorption of sensitizers on Ti02 surfaces for DSC devices. 

DSCs have been under extensive research since 1991 when a conversion efficiency 

of 7 .1 % was first reported. 1 Among the many methods and strategies to optimize 

DSC efficiency is maximising light harvesting capacity from the visible to the near 

infrared region of the visible spectrum. Dye-sensitized solar cells are currently the 

subject of extensive research in the area of renewable energies as low cost 

photovoltaics. This thesis, contributes to the study and development of a new method 

for adsorption, desorption and re-dyeing in dye-sensitized solar cells (DSC) devices 

using ultra-fast dyeing and ultra-fast desorption. 

1.2 Introduction of renewable solar energy 

The global human population is increasing and this increase is predicted to 

continue for the foreseeable future. 2 Energy demands are also increasing in all areas 

of life (e.g. heating, cooling and transportation etc). The demand for the generation 

electricity is also increasing. 3 In this context, there are two main types of energy 

sources. Non-renewable energy generally derives from underground sources ( e.g. 

fossil fuels such as coal, oil, natural gas, and nuclear energy). 4 The main 

disadvantages of non-renewable sources are that they will expire at some point in the 

future and also that fossil fuels can produce wastes ( e.g. C02(g)) which can cause 

global warming and severe environmental changes. 5 Finally, the prices of fossil fuel 

energy sources have increased in recent times and this trend is predicted to continue. 6 

The other sources of energy are renewable-energy sources. These are produced 

directly from nature, such as sunlight, wind, tides and geothermal energy.5 The 

world is increasingly trying to move towards renewable-energy sources because 
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these avoid the need to rely on any one country to supply raw materials and also they 

are never going to run out.5 Renewable energy sources can be used in many ways 

such as large scale applications for heating, cooling and the production of 

electricity. 7 While energy is necessary to whole areas of life, most primary sources 

used at present are unsustainable, whilst renewable energy has great potential to meet 

current and future demands for power. 8 Renewable energy could also play an 

important role in reducing other pressing problems such as energy security which is a 

multidimensional concept, including external as well as internal action that is more 

than sustainability competitiveness and secure supply.7 Figure 1.1 and Table 1.1 

demonstrate examples of the potential and progress of renewable energy in the U.S. 

between 2006 and 2010. Thus, renewable energy consumption rose by 6% to over 

8% quadrillion Btu (British Thermal units) from 2006 to 2011 whilst total U.S. 

energy consumption dropped slightly to nearly 98 quadrillion Btu. The data show 

that about 90% of the US'S energy comes from fossil fuels, 8% from nuclear, and 

9% comes from renewable sources. 9 The biomass share of renewable consumption 

increased from 49% to 53%, wind increased from 4 to 11 %, and conventional 

hydroelectric decreased from 43 to 31 % between 2006 and 2011. Geothermal's share 

stayed steady at 3% of renewable energy. Likewise the solar share remained about 

the same at 1 %, despite growing rapidly at an average annual rate of 12%. 

Total: 98 quadnllion Btu Torn! 8 qull!l11ll1on Btu 
Sotnr 1% 

/ ----. G.:Ol hd Olfl l 3¾ 
V\l11tl 11% 

.,_~._""' Uk>tn,'ISS wasto 6% 

OIOlu0I~ 23% 

Wood25% 

Hyd1opowcr 31% 

Figure 1.1: Renewable energy consumption in the U.S in 2011.9 

2 



Table 1.1 US energy consumption by energy source, 2006 -2010 (adapted from 

reference) 

Energ~ (guadrillion Btu) 2006 2007 2008 2009 2010 

Total 99.624 101.362 99.362 94.485 97.892 

Fossil Fuels 84.687 86.251 83.54 78.426 81.338 

Coal 22.447 22.749 22.385 19.703 20.707 

Coal Coke Net Im:eorts 0.061 0.025 0.040 -0.023 -0.006 

Natural Gas 22.224 23.702 23.834 23.343 24.667 

Petroleum 39.955 39.774 37.28 35.403 35.970 

Electricity Net Im:eorts 0.063 0.106 0.113 0.116 0.064 

Nuclear Electricity Power 8.215 8.455 8.427 8.356 8.441 

Renewable Energy 6.659 6.551 7.191 7.587 8.049 

Biomass 3.277 3.503 3.852 3.899 4.295 

Biofuels 0.771 0.991 1.372 1.567 1.855 

Waste 0.397 0.413 0.436 0.452 0.454 

Wood and Derived Fuels 2.109 1.098 2.044 1.881 1.986 

Geothermal Energy 0.181 0.186 0.192 0.200 0.212 

Hydroelectric Conventional 2.869 2.446 2.512 2.669 2.509 

Solar Thermal/PY Energy 0.068 0.076 0.089 0.098 0.109 

As stated earlier, over recent decades energy has been consumed at increasing rates 

to keep up with the development of technology and economies in the world and this 

is predicted to continue. 1° For example, net electricity consumption is predicted to 

more than double between 2003 and 2030, and natural gas and renewable energy 

sources are the only fuels expected to increase their share of total electricity 

generation over this period.4 Indeed it has been reported that high world fossil fuel 

prices will help renewable energy sources to compete commercially in the electric 

power sector. 11 In this context, solar cells or photovoltaic devices are one of the 

fastest-growing sources of renewable energy worldwide, 12 replacing fossil fuels due 
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to the abundance of solar energy and environmental friendliness of PV which means 

having minimal or no harm on the environment. 

1.3 Photovoltaic solar energy 

A solar cell or photovoltaic (PV) device is any device that converts sunlight 

directly into electricity by using photons from the sun's light to excite electrons from 

ground states to excited states of energy. 13 The photoelectric effect was first 

observed by Edmond Becquerel 14 in 1839 when he reported the observation of a 

voltage between electrodes exposed to light and immersed in an electrolyte. In 1873, 

the photoconductivity of selenium was discovered by Willoughby Smith when he 

described the effect of light on selenium during the passage of electric current. 15 

After three years, another scientist William G. Adams with his student Richard E. 

Day, discovered that selenium produces electricity when exposed to light. 16 These 

discoveries were the platform for solar cell devices. The first solar cells were then 

described by Charles Fritts in 1883 and were made from selenium wafers. 17 In 1905, 

Albert Einstein published a paper on the theory of the photoelectric effect concerning 

the production of electrons from radiation. 18 In 1932, Audobert and Stora 19 

discovered the photovoltaic effect in cadmium selenide (CdSe), a photovoltaic 

material still used today. In 1954, the invention of the first modem silicon solar cell 

was announced at Bell laboratories by Dary Chapin, Calvin S. Fuller and Gerald 

Pearson. 2° Chapin et al. used diffused silicon p-n junctions which consisted of two 

semiconductors with opposite doping types namely a donor [n-type] and an acceptor 

[p-type]. These first cells had about 6% efficiency in converting the sun's light to 

electricity. This was much higher than the best reported selenium cells which 

typically gave much lower efficiency, typically around 0.5%. 21 Most photovoltaic 

devices to date have been based on a semiconductor p-n junction. In a p-n junction 

PV cell, the light absorption and photo-generated carrier transport processes occur 

side by side throughout the device volume. 22 The different work functions of p- and 

n-type regions results in a transition region at their interface which also creates an 

electric field. Optical excitation of the semiconductor with light of energy higher 

than the bandgap separation of the semiconductor leads to generation of free charge 

carriers, electrons ( e-) and holes (h +). In a sandwich structure composed of an n-type 
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and p-type semiconductor, charge separation occurs due to bending of the bands in 

the vicinity of the interface. Figure 1.2 shows that conduction band electrons move 

freely in n-type materials while holes do not. Also holes move freely in p-type 

materials while electrons do not. 23 The maximum theoretical efficiency of p-n 

junction solar cells has been calculated by Shockley and Queisser24 and found to be 

30%. 

conduction band 

Potential 
Energy 

~ electrons 

~ eeee 
------~r--- Et 

Eg 

(±) (±) (±) (±) ~~ 
holes (±)~ ----------

Q7 valence band 

p-type n-type 

Figurel.2: Essentials of p-n junction solar cell operation. 

However, dye sensitized solar cells (DSC), the subject of thesis, operate differently. 

In the dye sensitized solar cell, photoabsorption excites an electron to a high energy 

from an adsorbed dye molecule on TiO2 (a large band gap n-type 

semiconductor).23 The excited electron is rapidly injected into the conduction band of 

TiO2 and is transported away from the generation site. One reason for studying DSC 

devices is that the choice of materials and fabrication techniques are key for reducing 

the cost of solar cells.25 In addition at present, the cost of electricity produced from 

photovoltaic device is currently too high to compete with whole-sale electricity 

without the benefit of government-supported feed-in tariffs. 26 The hope is that DSC 

devices could be produced commercially at large scale but their efficiency needs 

increasing which is one aim of this thesis by studying increased spectral response by 

co-sensitization. 

During the past decade several approaches have been suggested to increase 

conversion efficiency. Martin Green27 has classified various photovoltaic solar cell 

into three major categories. First generation solar cells, silicon wafers consist of large 

area, high quality single layer p-n junction devices such as mono-crystalline silicon. 

5 



Despite the high efficiency (ca. 17%) with polycrystalline Si solar cells they can 

have high manufacturing costs and use large amounts of material due to poor light 

absorption by Si. 28 Also, at low light levels energy can be lost as heat due to 

recombination processes. 29 

Second generation cells, also called thin film solar cells, use thin deposits of 

semiconductors such as, cadmium telluride (CdTe) or copper indium gallium 

disulfide (CIGS). 30 The advantages of second generation cells include; lower 

manufacturing costs, flexible substrates, lower material usage and thinner films. 31 In 

addition, third generation solar cells are emerging PV technologies, including 

polymer solar cells and dye-sensitized solar cells. 32
• 

33 However, DSC devices suffer 

from poor spectral response (typically < 650 run) which limits their efficiency. 

However, DSCs do have attractive advantages in several aspects such as non-toxic 

components and potentially lower manufacturing costs.30 

The cost of solar cells is generally measured in price-per-watt electrical power and is 

measured under standard test conditions (solar irradiance 1 0O0W.m-2
, AMl.5 solar 

spectrum, perpendicular light incidence and a temperature of 25°C). Figure 1.3 from 

2003, shows a graph for possible production costs per unit area together (US $/m2
) 

with energy conversion efficiency ranges for the three generations of PV showing 

costs as US$/Wp. First generation costs are high and the range between US$3.0/Wp 

and US $ 3.50/Wp with the efficiency between 15-20%.34 Second generation, thin 

film technologies are predicted to show lower production costs. The cost ranges 

between US $ 50/m2 to US 120$/m2 and costs per watt peak are from US $ 0.50/Wp 

to US$ 3.50/Wp. However the efficiency ranges between 6% and 15% at present.35 

Third generation solar cells have costs predicted to be between US$ 0.20/Wp and 

US$ 0.50/Wp, with costs around US$ 50/m2 to US$ 200/m2
. The graph shows third 

generation technology is predicted to have much lower overall costs. In addition, 

DSC devices are beginning to emerge in the market place and remain under active 

development in laboratories all over the world. 36 However, it should be noted that 

market conditions change very quickly and this report was in 2003. Since then DSC 

devices and manufacturing as well as research challenges that must be addressed to 

continue the rapid commercialization of DSC technology.37 
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Figure 1.3: Efficiency versus cost trade off for the three generations of solar cell 

technology in 2003: wafers (I), thin films (II), and advanced thin films (111). 38 

The best laboratory efficiencies from various materials and a number of photovoltaic 

technologies over the last 35 years have been collected by the National Renewable 

Energy Laboratory (NREL) in the US and the data are plotted in Figure 1.4. The data 

show two relatively new entries; dye-sensitized solar cells (DSCs) and organic 

photovoltaic cells. 39 The National Renewable Energy Laboratory have reported the 

highest efficiency of the first generation multi-junction solar cells reaching over 

40% for a three junction GalnP/GalnAs/Ge cell at 240 Suns, under the standard 

spectrum for terrestrial concentrator solar cells (AM 1.5 D, low aerosol optical depth, 

24 W/cm2
, 25°C). By comparison, despite the lower efficiencies of DSCs and organic 

solar cells, the low cost of these types of solar cells can still make them 

commercially interesting. 40 In this context, this thesis involving studies of using less 

dye, more than one dye and faster processes for DSC device manufacturing. 
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Figure 1.4: Thirty five years evolution in conversion efficiencies of different photovoltaic technologies for laboratory-scale devices. Compiled 

by Lawrence L. Kazmerski, National Renewable Energy Laboratory (NREL). 
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1.4 Dye-sensitized solar cells (DSCs) 

The dye-sensitized solar cell is a photo-electrochemical solar cell which 

generally uses a liquid electrolyte and is based on the concept of charge separation at 

the interface of two materials. 41 The operating principle of a DSC device is similar to 

photosynthesis in plants but differs in that electricity is produced, whereas plants 

produce oxygen and sugar, using chlorophyll as sensitizer to harvest photons of 

light. 42 The story of dye-sensitized solar cells in started in 1970, when chlorophyll 

molecules were used to inject charge into a wide band gap ZnO semiconductor so 

that photons were converted into electric current. 43 In 197 6, Tsubomura et al. 44 

achieved up to 1.5% conversion efficiency using an aqueous electrolyte for a 

sensitized ZnO photo-electrode. These devices had low conversion efficiencies 

because the devices were based on a flat electrode and had only a monolayer of 

adsorbed dye leading to low electron injection into the semiconductor. The major 

breakthrough in DSCs emerged by replacement of the planar electrode by 

mesoporous nanocrystalline semiconductor films to provide a higher surface area for 

dye uptake. 45 

Titanium dioxide (TiO2) is often used as a white pigment because of its brightness 

and high refractive index.46
' 

47 TiO2 is also the most widely used metal oxide for 

DSCs because initially low values of the electron diffusion coefficient (10-8 to 104 

cm2.s-1
) increase with light intensity.48 In 1972, Fujishima and Honda discovered the 

phenomenon of the photo-catalytic splitting of water on a TiO2 electrode. 49 This 

discovery led to many promising photo-chemical applications of TiO2 taking 

advantage of the TiO2 properties of low cost, low toxicity and excellent optical 

properties in the visible region. 50 All of these improvements finally led to the 

announcement by O'Regan and Gratzel,1 in 1991, of a dye sensitized solar cell based 

on TiO2 with a conversion efficiency of >7%. Since this report, the published world 

record DSC efficiency reached over 11 % with Ru-bipyridyl dye complexes to 

sensitize nanocrystalline TiO2 along with a triiodide/iodide redox couple. 51 

However, Yella et al. have recently achieved 12.3% with a donor-n-bridge acceptor 

zinc porphyrin dye as sensitizer and 3-( 6- { 4-[Bis-(2', 4' -bis-hexylox y-bi phenyl-4-yl )

amino ]-phenyl }-4, 4-bis-hexylox y-4 H-cyclopenta[2, 1-b ;3 ,4-b '] dithiophen-2-cyano

propionic acid (Y123) as co-sensitizer using a Co(ll/lll)tris(bipyridyl) based redox 
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electrolyte. 52 This approach of using more than one dye has dramatically improved 

DSC light absorption to put the power conversion efficiencies into a range that 

should enable DSCs to become an alternative to conventional p-n junction 

photovoltaic cells. 53 In this thesis a new method developed for co-sensitization with 

multiple dyes to improve device performance. 

1.4.1 Structure of dye sensitized solar cell 

Dye-sensitized solar cells (DSCs), consist of four major components;54 i) a 

dye sensitizer, ii) semiconductor nanoparticles of a metal oxide; TiO2 nanoparticles 

are generally used although the other wide band gap semi-conductors such as ZnO55 

and Nb2 O5
56 have also been used, iii) a redox electrolyte such as the iodide/tri-iodide 

couple iv) and a counter electrode commonly using platinum as a catalyst, because it 

has sufficient corrosion resistance to the electrolyte and a high rate for the 

regeneration of reduction of the redox electrolyte 57 
. Figure 1.5 shows the 

arrangement of these components in a typical liquid electrolyte DSC. 

TCO-glus 

Surlyn Seal 

.__ __ Sensitizing dye 

Pt- Ilectrode 

--- TCO-glrn 

~--Filling hole 

Figure 1.5: Schematic showing typical structure of a liquid electrolyte dye-sensitized 

solar cell. 58 

DSCs are usually prepared from two transparent conductive glass plates sandwiched 

together. 59 Typically fluorine-doped tin oxide or tin-doped indium oxide are used as 

a transparent conducting oxides (TCO). As described above, typically one 

conducting substrate is coated with a catalyst (e.g. platinum) as the counter electrode 
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for reduction of the electrolyte redox couple and the other plate is coated with nano

particales of titanium dioxide, which has sensitizing dye adsorbed on the surface. To 

complete the device liquid electrolyte containing a redox couple ( often r/13-) is 

added between the two electrodes providing an electron pathway medium, allowing 

the charge collected at the counter electrode to be transported back to the dye 

molecules. 60 

1.4.2 Operation principle of dye sensitized solar cell 

Schematic presentations of the key processes taking place in a dye sensitized 

solar cell are shown in Figure 1.6. Taking the processes in order, 1) sunlight passes 

through a transparent conductive glass and is absorbed by the dye molecules which 

are adsorbed on the surface of a wide band gap nano-structured metal oxide surface

usually made up of TiO2 nanoparticles. 61 The photoelectric chemical process in 

DSCs can then be expressed in Eqs. 1.1 -1.6. The first reaction that takes place at the 

anode is the sun light being absorbed by the sensitizer which is adsorbed on the TiO2 

surface, which leads to excited adsorbed dye molecules (D*) by photo excitation , 

Eq. 1.1. 

TiOzl D + hv -+ Ti02 / D* Eq.1.1 Excitation 

2) Upon light absorption, the excited dye molecule (D*) injects an electron into the 

conduction band (CB) of TiO2 also producing a dye cation, Eq. 1.2 

Eq.1.2 Injection 

3) The injected electron transfers through the mesoporous TiO2 to arrive at the back 

contact (or counter electrode) via the external load where a catalyst, usually 

platinum, reduces oxidized iodide (r) (Eq. 1.3). In turn the r/I3- redox couple 

reduces the exited state dye to complete the circuit. 

Eq. 1.3 Regeneration 

Besides the described pathway of electron migration, loss reactions Eq. 1 .4, 1.5, and 

1.6 can also occur. For instance, 4) the molecule in the excited state (D*) can decay 
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to the ground state. However, this is generally rather slow compared to injection into 

conduction band ofTiO2,
62 Eq. 1.4. 

Ti02 /D* ➔ Ti02 /D Eq.1.4 Relaxation 

5) Another injected electron loss pathway is that the electron can rapidly recombine 

with the oxidized dye which can take place without any measurable photocurrent, 

Eq. 1.5 

Eq. 1.5 Recombination 

6) The so-called "dark reaction" can also occur during the conversion of light to 

electricity, as a result of the recombination of injected electrons with the triiodide 

redox mediator (Eq. 1.6). 63 

Eq.1.6 Back Reaction 

The reactions shown in Equations 1.4, 1.5 and 1.6 enter into a competition with the 

desired reactions (Equations 1.1-1.3). In a DSC device the voltage generated is equal 

to the difference between the Fermi level (Er) of the electron of the solid TiO2 and 

the redox potential of the electrolyte. 64 Hence, in most DSC devices, the Voe is 

determined by the Fermi level (Er) of titania and the redox potential (13 -;q of the 

electrolyte (Fig 1.6). Recombination processes can affect the Er resulting in lower 

values for V oc • 
65 
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Figure 1.6: Schematic of the key processes taking place during the operation of a 

dye sensitized solar cell. (Adapted from references66
• 

67
) 

1.4.3 Conversion efficiencies 

The conversion efficiency of dye-sensitized solar cells (and any other PV 

device) is the energy output from the solar cell compared to the input energy from 

the sunlight. This is affected by the wavelength of light recombination processes, 

electrical resistance, temperature and the reflection of light. 68 The overall conversion 

efficiency of solar cells can be expressed as. 69 

011. Pmax Jsc .Voe. FF 
1J ,O = -- = 

Plight Pin 
Eq.1.8 

Where (Jsc) is the short current-circuit current which is the maximum current from 

a solar cell which occurs when the voltage across the device is zero, V oe is the open

circuit voltage which is the maximum voltage from a solar cell which occurs when 

the net current through the device is zero. (Pin) is the light power density and the fill 

factor (FF) is the ratio of the maximum power from the solar cell to the product of 

V oc and J sc and this can be calculated from: 
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Vmp .Imp 
FF=---

Vac · lsc 
Eq.1.9 

Where the maximum power point is P max and the current and voltage at P max (I max, 

Vmax) respectively are determined from the I-V curve of the cell as shown in Figure 

1.7. 
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Figure 1.7: Schematic for current density voltage (I-V) characteristic of the 

photovoltaic structure showing short-circuit current Use) and open-circuit voltage 

(V oc). The maximum power point is also shown. Adapted from 

1.5 Factors affecting DSC device solar energy conversion efficiencies 

1.5.1 Sensitizers 

The molecular structure and energy levels of the dye play an important role as 

the light harvesting part of dye sensitized solar cells (DSC). 70 The desirable 

properties for an efficient photo sensitizer are as follows; (1) the light absorption 

should cover the whole visible and near-IR region. (2) The sensitizer should have 

suitable anchoring groups such as carboxylic, phosphonic or sulfonic acid groups to 

strongly bind the dye onto the semiconductor surface. (3) The excited state level 

(LUMO) of the dye should be higher in energy than the conduction band edge of the 

metal oxide (usually TiO2) to enable efficient electron transfer between the excited 

dye and conduction band (CB), (4) the molar extinction coefficient must be as high 

as possible to enable the most efficient light harvesting from the smallest amount of 
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dye, and also (5) the dye should not aggregate on the TiO2 surface. Finally, (6) the 

dye should have high thermal and chemical stability to sustain at least 108 redox 

turnovers under normal illumination corresponding to about 20 years of exposure to 

natural light. 71
' 

72 

As discussed previously, the sensitizer constitutes a key component of a DSC to 

harvest sunlight. 73 In the past decades, many dyes have been synthesised and used as 

sensitizers in DSC. These sensitizers can be divided into two types according to their 

structure; inorganic dyes such as metal complexes, porphyrins 74 
' 75 and 

phthalocyanines 76 and organic dyes including natural organic dyes 77
• 

78 and synthetic 

organic dyes.47 To date, metal complexes have played an important role in the 

development of DSC technology. In particular, Ru (II) polypyridine complexes have 

been widely studied as sensitizer molecules for DSCs due to their strong absorption 

bands in the visible region of the spectrum combined with good charge transfer 

properties, and thermal and chemical stability. In addition, it has been shown that the 

metal ligand charge transfer (MLCT) of Ru-bipy dyes can be shifted and provide 

long emission lifetimes by electron donation. 79 80 Up to now, the most efficient dyes 

in DSC are the Ru(Il)-polypyridine complexes substituted with one or more 

anchoring carboxyl groups. Table 1.2 shows some common Ru (11) dye complexes 

which have achieved power conversion efficiencies over 10% in DSCs under 

standard measurement conditions. The chemical structures of these dyes are shown 

in Figure 1.9. The first high performance polypyridyl ruthenium complex was cis

bis(isothiocyanato )-bis(2,2' -bipyridyl-4,4' -dicarboxylate) ruthenium(II) complex 

and so-called (N3), leading to the related doubly protonated fonn, di

tetrabutylammonium cis-bis(isothiocyanato )bis(2,2' -bipyridyl-4,4' -dicarboxylate) 

ruthenium(II) complex (N719). N719 has been found to exhibit outstanding 

properties such as a broad visible light absorption spectrum and a photo-current 

conversion efficiency (IPCE) extending to 650 nm. In the ( 4,4' -dicarboxylic acid-

2,2' -bipyridine )( 4,4' -di(3-methoxystyryl))-2,2' -bipyridyl] ruthenium (II) complex 

(Z-910) the metal-to-ligand charge transfer transition is red shifted and shows a 

higher molar extinction coefficient (16850 M' 1cm·1, at 543nm) when compared with 

Ru(bpy) 3 +
2

• To further improve the efficiency of DSC devices, the dye tris

isothiocyanato-(2,2' :6' ,6' ' -terpyridyl-4,4' ,4" -tricarboxylato )ruthenium(II) tris(tetra

butylammonium) also known as "black dye" was reported with an IPCE spectrum 
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covering the whole visible range and into the near IR region up to 920 nm, 81 as 

shown in Figure 1.8 

Tablel.2: Maximum literature efficiencies for selected polybipyridyl ruthenium (II) 

complexes in laboratory DSCs. (These are highly optimal champion cell) 

Dyes J sc (mA.cm-2
) V oe (mV) FF Ref. 

N3 18.20 720 0.73 10.00 82 

N719 17.73 846 0.75 11.18 83 

Black dye 20.53 720 0.70 10.40 84 

Z910 17.20 777 0.76 10.20 85 

80 

Black dye 

60 
N3 

~ ....... 
40 

LU 
(,.) 
Q. 

20 

0 ,.,. t 

400 500 600 700 800 900 1000 
Wavelength (nm] 

16 



Figure 1.8: IPCE spectrum of the photo current response for DSC devices 

sensitized either by the Ru (II) complex known as black dye or the N3 dye. The data 

used are from reference. 
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Figure 1.9: Chemical structure of some ruthenium DSC complexes. 

However, ruthenium (II) complexes do suffer from some limitations. For instance, 

they tend to have a low spectral response in the red and infrared regions and also 

Ru(II) complexes dyes tend to be more expensive than organic dyes. 86 By 

comparison, organic dyes can be designed with the general structure of donor-n

bridge-acceptor (D-n-A) to help direct electron injection. 87 As such, organic dyes 

have attracted a lot of attention as alternatives to ruthenium complexes sensitizers 

because they are generally easier to purify, have higher molar extinction coefficients 

and can be more flexible to structural modifications. 88 However, the aggregation of 

organic dyes on TiO2 films and the recombination of TiO2 conduction-band electrons 

with the electrolyte can still be problems for organic dyes relative to the Ru-bipy 

complexes. 89 During the last few decades various organic dyes for dye-sensitized 
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solar cells have been developed such as coumarins,90 merocyanine,91 indolines,92
' 

93 

triphenylamines, 94 oligoenes and polyenes, 95 quinoxlines, 96 carbazoles, 97 and 

squaraines. 98 One example from each organic dye family has been selected to show 

the varying power conversion efficiencies (Table 1.3). Examples of the structures of 

an indoline dye (D149), a triphenylamine (TA-ST-CA), a polyene (NKX-2569), a 

coumarin (NKX-2311), a carbazol (MK-2) and a squarilium dye (SQl) are shown in 

Figure 1.10 and the I-V data are summarized in Table 1.3. The organic dyes can also 

show broad IPCE spectra over the whole visible range extending into the near-IR 

region up to 650 nm which is the broadest IPCE spectrum in the organic dye based 

DSCs. However, some kinds of organic dyes also have been used for co

sensitization. For example, the co-sensitization of TiO2 with SQl and JK2 broadens 

the spectral response to show the IPCE peak efficiencies of 86% and 76% at 530 and 

660 nm, respectively, corresponding to the highest absorptions of JK2 and SQl as 

shown in Figure 1.11. In this thesis some these organic dyes were used to develop 

DSC device performance by ultra-fast dyeing. 
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Table 1.3: Maximum literature efficiencies for selected organic dyes m dye

sensitized solar cells. 

Organic 

dyes Jsc(mA.cm-2) Y oe (mV) FF Ref. 

D149 19.96 653 0.69 9.0 99 

TA-St-CA 18.10 743 0.68 9.1 100 

NK.X-2569 12.90 710 0.74 6.8 IOI 

NK.X-2311 14.00 600 0.71 6.0 102 

MK-2 10.67 690 0.68 5.0 103 

SQl 10.5 603 0.71 4.5 104 

100 
90 
80 
70 

--. 60 -SQI/JK2 
~ 0 -+-SQl - 50 
~ --.11<2 
u 40 
c.. - 30 

20 
10 
0 

400 500 600 700 800 
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Figure 1.11: Incident photo-current efficiency (IPCE) of cells sensitized with SQ 1 

(light gray), JK2 (dark gray) and SQ1/JK2 (black). Adapted from reference.105 
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1.5.2 Electrolyte 

The electrolyte is another of the main components in DSC devices and plays 

a vital role in the conversion efficiency and stability of the solar cells. 106 Generally, 

the electrolyte used in DSCs can be divided into three types: liquid electrolytes, 

quasi-solid state electrolytes and solid electrolytes. 107 To extend the lifetime of DSC 

devices, liquid electrolytes should have several properties; such as high thermal and 

chemical stability, compatibility with the sealing material, low viscosity to reduce 

any mass transport limitations on the photocurrent and minimal absorption in the 

visible spectrum. 108 There are two types of liquid electrolytes based on the solvent 

used; either an organic solvent or ionic liquids. Electrolyte organic solvents can 

include acetonitrile, valeronitrile, 3-methoxypropionitrile (MPN), ethylene carbonate 

(EC), or propylene carbonate (PC). By comparison, ionic liquids are materials which 

consist only of ions and which are liquid below 100 °C. The main advantages of 

ionic liquid electrolytes include good chemical and thermal stability, low vapour 

pressure, non-flammability, high ionic conductivity and high solubility for organic 

and inorganic materials. 109 However, the efficiency of a DSC devices based on ionic 

liquid electrolytes remains lower in comparison to those using organic solvent based 

electrolytes because of the lower injection rates of electrons from the dye into the 

TiO2, slower dye regeneration by iodide, increased self recombination of the dye, 

and a small positive shift in the conduction band position within ionic liquid 

electrolytes. 110 

All DSC liquid electrolytes require a redox couple such as, 13/r , Br3 -/Br- 111
, 

(SCN) /(SCN)2 or (SeCN)/(SeCNh 112 which have all been demonstrated for the 

successful regeneration of oxidized dyes in DSCs. The redox couple regeneration 

rates of dye have been reported to decrease in the order r > SeCK > SCN-, because 

the equilibrium potentials of SCN/ (SCNh is more positive than SeCN-/(SeCNh 

which is more positive than 13 -;r. 113 Optimization of the electrolyte to enhance the 

device performance has been reported by the addition of additives such as 4-tert

butylpyridine (TBP) 114
' 

11 5
, guanidinium thiocyanate, 11 6 and N-methylbenzimidazole 

(NBBI). 117
• 

11 8 The addition of these additives decreases recombination rates and 

improves the open-circuit voltage (V oc), while shifting the conduction band edge of 

the TiO2 towards a more negative potential. 119 Although some organic solvents such 
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as 3-methoxypropioinitrile (MPN) and butyronitrile (BN) have been reported to 

exhibit good stability during extended tests, some problems still exist for liquid 

electrolytes such as difficulty of sealing and leakage, and volatilization of the organic 

solvent. 120 The first time a high efficiency was achieved (11 >7 %) for a dye 

sensitized solar cell based on a solvent-free electrolyte, this was composed of l

methyl-3-propylimidazolium iodide, 1-methyl-3-ethylimidazolum dicyanamide and 

lithium iodide combined with an amphiphilic polypyridyl ruthenium sensitizer. 121 

Thus, literature work has been carried out on quasi-solid state and solid state 

electrolytes to try to improve long-term stability and replace liquid electrolytes. 122 

For instance, polymer gel electrolytes have been prepared by solidification of a liquid 

electrolyte into a polymer matrix such as poly-acrylonitrile (PAN), 123 or poly

ethylene glycol (PEG) 124
. However, the efficiency and stability of solid state 

electrolyte DSC devices are intimately related to the amount and nature of the 

polymer employed to prepare the electrolyte. 125 

The redox couple (r/r 3) has been used as the most versatile redox couples for 

regeneration of the oxidized dye in DSCs and is the redox couple used in this thesis. 

The mechanism of regeneration of the oxidized dye by a redox couple can be 

discussed by the following equations: 126 

Eq.1.10 

D+ + r ➔ [D ... I] Eq.1.11 

[D ... I] + r ➔ D + f:2· Eq.1.12 

Eq.1.13 

In this thesis, liquid electrolyte based on redox couple triiodide/iodide in acetonitril 

solvent was used for oxidizing sensitizers with all DSC devices. 

1.5.3 Semiconductor 

As stated previously, the semiconductor metal oxide plays an important role 

in improving DSC efficiency mainly by increasing the short circuit current density 
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(J sc) to lesser a extent, the open circuit voltage (Voe), because the nanostructured 

metal oxide provide a large surface area for high dye loading and effective sintering 

ensures good connection between metal oxide grains. 127 Of the wide-bandgap 

semiconducting metal oxides (TiO2, ZnO, SnO2, ln2O3, Nb2O5, WO3, Ta2O5, and 

ZrO2), 128 nanocrystalline TiO2 is the most suitable material in DSCs, due to its low 

cost, wide availability, non-toxicity and high surface area. 129 Nanocrystalline TiO2 

photo-electrode films are generally made by the doctor blade method or by screen 

printing by spreading TiO2 on conductive substrates before sintering at high 

temperature. 130 Nanocrystalline TiO2 films can adsorb large amounts of dye. 

However, the high surface area also increases the possible recombination between 

electrons in the conduction band of the semiconductor oxide and the electron 

acceptor in the electrolyte. 131 ZnO has been considered as an appropriate alternative 

semiconductor in dye sensitized solar cells because ZnO offers a large bandgap (3.37 

eV), 132 which is similar to TiO2, but ZnO also has very high electron mobility 

compared to TiO2. ZnO can also be modified to various nanostructures such as 

nanorods/nanowires as compared to other metal oxides. 133·134 An optimized energy 

conversion efficiency of 5.34% has been achieved with D205 on a 27µm thick ZnO 

photo-electrode. 135 Although metal oxides are versatile and easy to adopt in practical 

terms, metal oxide pastes can be costly for large scale applications. There is thus a 

growing need to use low cost, renewable and easily available metal oxides for DSC. 

In this thesis, P25 paste were prepared from P25 TiO2 (Degussa) and also a 

commercial TiO2 paste was used after sintering at 450 °c and TiC14 treatment for 

photo-electrode in DSC devices. 

1.5.4 Counter electrode 

The counter electrode (CE) perfonns two important functions in DSCs. The 

first one is returning electrons from the external circuit back to the electrolyte and 

then the dye, and the second (related) function is to catalyze the reduction of triiodide 

to iodide. 136 In DSCs, platinum is widely used as a counter electrode catalyst 

because it has resistance to the corrosive electrolyte as well as having a high reaction 

rate for reducing the electrolyte redox couple. The counter electrode is usually 

prepared by coating a platinum containing material as a solution or paste followed by 
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thermal decomposition. The price of platinum is high because it is used for various 

purposes. Carbides, nitrides or oxides of low cost transition metals have also been 

used as a counter electrode to replace the expensive Pt catalyst in DSCs. 137 Recent 

research into counter electrodes to replace platinum in DSCs include carbon and the 

conducting polymer poly (3,4-ethylene-dioxythiophene). 138 However, new materials 

for the counter electrode are being studied as lower cost alternatives for cheaper and 

higher performance devices. In this thesis Pt catalyst was used as a counter electrode 

in DSC devices. 

1.6 Adsorption 

This thesis focuses on the adsorption of sensitizers on TiO2 photo-electrodes 

which plays an important role in DSC. Adsorption is a general term which refers to 

the accumulation of molecules, ions or atoms of the substance (the adsorbate) on the 

surface of the other substance (the adsorbent). 139 The adsorption process leads to an 

increase in the concentration of dissolved substances at the interface of the solid and 

liquid phases. The molecule contacts the surface of a solid adsorbent in a process 

which can be characterized by different potentials, such as the dispersion energy, 

repulsion energy, polarization energy, field dipole energy, field gradient quadrupole 

energy, sorbate-sorbate energy and acid - base interactions with the active site if the 

surface contains hydroxyl bridge groups. 140 These electrostatic forces occur between 

dye molecules and TiO2 particles caused by their electric charges. In this context, 

dye adsorption on TiO2 surface occurs as a result of some of these electrostatic 

forces. According to the nature of the attractive forces existing between the adsorbate 

and adsorbent, the adsorption process can be classified into two types; physical 

adsorption (physisorption) and chemical adsorption ( chemisorption). In physical 

adsorption, the forces involved between the molecules of adsorbate and adsorbent are 

weak Van der Waal's forces so this is also called Van der Waal' s adsorption. In 

chemisorptions, the interaction forces between the adsorbate and adsorbent are 

almost the same strength as chemical bond. 141 Some features which are useful to 

compare between physisorption and chemisorptions are listed in the Table 1.4. The 

information presented in Table 1.3 indicates some criteria which are helpful in 

distinguishing between physisorption and chemisorptions. In physisorption, the 
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adsorbate has a low heat of adsorption (< 40 kJ.mol"1
). In chemisorptions, the 

adsorbate molecule undergoes a chemical reaction to bind to certain sites on the 

sorbent surface with a higher heat of adsorption can be more than 200 kJ.mol"1 and 

only a monolayer adsorption occurs. 

Tablel.4: Comparison between physical adsorption and chemical adsorption. 142 

Physisorption Chemisorption 
Forces of attraction are weak (Van der It is caused by chemical bond 

1. Waal's forces) attraction 

2. It is not specific in nature It is highly specific 

3. It is reversible It is irreversible 
There is a low enthalpy of adsorption It has a high enthalpy of adsorption 

4. usually 20-40 kJmor1 more than 200 kJ.mol"1 

It increases with increasing 
5. It decreases with increasing temperature temperature 

6. It does not require activation energy It requires activation energy 
It increases with increasing surface 

7. It increases with increasing surface area area 
It generally, fonns monomolecular 

8. Multi-layers of molecules can be formed layers 

Physical adsorption equilibrium is usually established very rapidly except when 

limited by gaseous diffusion in porous adsorbents. However, chemisorptions may be 

rapid or slow. The occurrence of activation energy for chemisorptions of diatomic 

molecule with dissociation is illustrated in Figure 1.12. The adsorption mechanism 

for a gas-solid interface is based on the theory postulated by Langmuir in 1916 where 

he suggested that the surface of the adsorbent is unifonn, adsorbed molecules do not 

interact with each other and all adsorption occurs through the same mechanism. 143 

The curve in Figure 1.12 (i) represents a chemisorption profile and this has a deep 

potential energy equal to heat of chemical adsorption (~Hact)- The curve (ii) 

represents the physical interaction energy between the surface of metal and gas 

molecules and has lower potential energy equivalence (heat of physical adsorption). 

The hydrogen molecule approaches the surface and is physically adsorbed at this 

position and enables the molecules to approach to within this distance of the surface 

without the large energy necessary for dissociation into H atom. The gas molecules 
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undergo a transition from curve (ii) to curve (i) if the activation energy barrier to 

chemisorption is overcome. If this happens on reaching the transition state, the gas 

molecules dissociate into atoms and bond to the surface. By comparison with gas

solid adsorption, liquid-solid adsorption interactions of the sort studied in this thesis 

are more complicated. An ideal adsorbed phase is one in which the activity 

coefficients are unity under all conditions. 144 The gas adsorbed phase equilibrium of 

a pure component is fully characterized by specifying the temperature and gas phase 

pressure. However, an additional degree of freedom enters for each additional 

component. But the adsorption from a liquid onto a solid involves an energetically 

heterogeneous surface; therefore the adsorption is far from ideal. The adsorptions 

from solution also have been used for many years for determination of surface area 

and porosity of certain adsorbent and also it is necessary to understand how a solid 

behaves in the liquid medium. 145 In this thesis we have considered the significance of 

two models Freundlich and Langmuir to describe dye adsorption on the TiO2 surface 

in DSC devices. 
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Figure 1.12: The diagram of the potential energy of the dissociative chemisorptions 

of an 0-0 molecule, L).HAo,02 is the enthalpy of non-dissociative physisorption, 

L).HAo,o enthalpy of chemisorptions at T=0 with activation energy. 146 
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1.7 Adsorption isotherms 

An adsorption isotherm is defined as the relationship between the equilibrium 

uptake of a substance with pressure in the gas phase or by concentration in the 

liquid phase at constant temperature. Theoretical models can be used to describe the 

type of adsorption including the Freundlich and Langmuir models. 147 

1.7.1 Freundlich isotherm 

This isotherm was proposed by Freundlich in 1909 and has been used by 

many researchers to describe the adsorption of trace quantities of the substances at 

equilibrium 148 Eq. 1. 10. The Freundlich equation describes the behaviour of 

adsorption from solution when the concentration in solution replaces the gas 

pressure. 

Eq.1.10 

Where, Qe is the amount of equilibrium solute sorption per gram of adsorbent 

(mg.t1
), Ce is the equilibrium aqueous concentration of the solute (mg.L-1

), Kf and 

n are Freundlich constants which are related to the adsorption capacity and intensity 

of adsorption, respectively. 149 Evaluation of the parameters in the Freundlich 

isotherm is accomplished by obtaining a linear form of the isotherm. 

1. 7 .2 Langmuir isotherm 

The Langmuir isotherm is the most common model used to describe 

monolayer chemisorption on distinct, localized adsorption sites. This isotherm is 

based on some assumption: 

1- Molecules are adsorbed at localized sites. 

2- All sites are energetically equivalent. 

3- The maximum adsorption occurs at equilibrium where no further adsorption 

can occur. 
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4- No interactions exist between adsorbate molecules. 

The Langmuir equation used for the sorption of a solute from liquid solution is 

given by: 

1 Ce ---+
k1qmax qe 

Eq.1.11 

Where, qmax is the amount of one layer coverage of adsorbate, k1 is adsorption 

equilibrium constant and Ce is the equilibrium concentration of adsorbate. The 

adsorption isotherm indicates how the adsorbed dye molecules distribute between 

the liquid phase and the solid phase when the adsorption process reaches an 

equilibrium state. 150 In this thesis, Langmuir and Freundlich models were used to 

describe physisorption and chemisorptions for the N719 and SQl adsorption onto 

TiO2 films. 

1.8 Dye adsorption and DSC 

The performance of DSC devices is affected strongly by the dye adsorption 

amount and partition coefficient on TiO2 nanoparticles. 151 Also studying dye 

adsorption on TiO2 particles can provide fundamental information concerning 

adsorption sites, surface structure and the degree of aggregation which is important 

for optimizing the nanocrystalline cells. 152 A general dyeing procedure consists of 

immersing photo electrodes in dye solution (10-3 to 104 M) at room temperature with 

contact times from 16-24 hours to ensure saturate the TiO2 surface is saturated. 153 A 

few studies have reported a strong effect of different dye dipping times on 

photovoltaic perfonnance of the cell. 154 Photoelectron spectroscopy has also been 

used for a quantitative estimation of dye uptake but this technique is not easily 

accessible because it is used to indirectly determine the amount of adsorbate 

molecules and gives only the relative concentrations of the different elements.155 Dye 

loading has been found to be crucial for DSC performance by affecting light 

harvesting which in tum affects the cell short-circuit current I sc · 156 The dye 

adsorption behaviour also affects the V oc due to movement of the TiO2 CB and 

variable charge recombination at the interface between the TiO2 and electrolyte. 157 
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Thus adsorption of dye on TiO2 has been studied for over 10 years to investigate the 

nature of the interactions between dye molecules and TiO2 surfaces. 158 Further 

understanding of the adsorption mechanism of the semiconductor/adsorbate interface 

has been widely reported in the literature using vibrational spectroscopy 159 
, 

resonance Raman and FTIR spectroscopies, 160
' 

161 
' 

162 and X-ray absorption 

spectroscopy was used to investigate the nature of binding on TiO2 particles. 163
•
164 

These studies suggested that dye adsorption on TiO2 surfaces is achieved by the 

formation of ester-like linkages. 165 However, the precise detennination of the 

preferred adsorption mode of a dye on TiO2 surfaces is difficult because of the large 

sizes of dyes, dye flexibility, the presence of several anchoring groups, the effect of 

surface termination and defects. 166 A few methods are known today for quantitative 

evaluation of total dye loading. The amount of adsorbed dye is typically determined 

by ex situ UV-Vis spectroscopy after dye desorption from the TiO2 surface by 

treating the sample with aqueous alcoholic solution of NaOH. 167 More recently, 

digital imaging and diffuse reflectance UV-Visible spectroscopy have been used for 

quantitative determination of dye uptake in porous TiO2 films. 168 The advantages of 

these new techniques are that they provide rapid in situ data by monitoring the colour 

intensity of dye uptake. An alternative in situ method was proposed by Peic et al. 

who used an optical waveguide spectroscopy to study the real-time adsorption of dye 

in mesoporous nanocrystalline TiO2 films. 169 However, this works at a fixed 

wavelength and is not always at the maximum sensitivity. The influence of the 

anchor and backbone such as perylene dye molecules such as (ID28, IDl 76, ID505 

and ID741) as well as the influence of solvents on the adsorption process have been 

proposed by Volker et al. 170 Based on a vacuum-tight attenuated total reflection 

infrared (ATR-IR) flow through cell, the experiments showed a significantly lower 

amount of anhydride dye can be adsorbed on the films, ex situ experiments 

furthermore indicate that the availability of OH groups on the TiO2 surface may limit 

adsorption. Also the backbone and base frame of the dye can influence the 

adsorption time drastically. This also demonstrated that the anchoring group has a 

strong effect on the adsorption rate also was found that both adsorption and 

desorption are affected by the solvent. 

Literature reports of the studies of adsorption kinetics of the dye uptake in DSCs are 

more limited. Unpublished work in the laboratories at Bangor suggests mesoporous 
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TiO2 films in DSCs are impregnated with dye molecules through a combination of 

pore diffusion and adsorption/desorption processes. The impregnation starts from the 

top layer of the film, and then with time it reaches deeper and deeper into the film, 

until eventually the whole mesoporous TiO2 film is saturated with dye molecules. In 

this context the two step kinetics for N3 adsorption on nanocrystalline TiO2 was first 

postulated by Fillinger and Parkinson, 171 who suggest that two carboxylic groups are 

involved in N3 structure in binding on the TiO2 surface and facilitating charge 

transfer by electron injection. Efficient charge transfer occurs after anchoring of the 

sensitizer through carboxylate group onto the surface of the semiconductor. The 

kinetics of the adsorption Ru(II) complex dyes onto a mesoporous TiO2 film was 

studied by Ishihara et al. 172 based on diffuse reflectance spectroscopy at room 

temperature, which suggested that the dye with carboxyl groups exhibited the same 

kinetics as the dye without carboxyl groups in the period up to 20 minutes. 

The adsorption time is very important for speeding up the dye adsorption process. In 

this context, ultra-fast dye sensitization and co-sensitization to control the dye uptake 

of different dyes N719 with organic SQl dye have been reported, where dye 

adsorption was completed within 5-10 min when the dye solution concentration was 

8.6 mM. 173 The effect of dye concentration on adsorption kinetics has been proposed 

by Park et al. 174 In that work, the quantity of dye loading on TiO2 surface was 

measured as a function of immersion time of the TiO2 film in the dye solution 

reporting a pseudo-first order adsorption kinetic model. The kinetics of the dynamic 

dyeing process was investigated from the real time study of dye loading (N3 and 

N719) under continuous flow conditions on TiO2 by in-situ UV-Vis monitoring upon 

removal of the dye with aqueous NaOH 0.1 M. 175 More recently, a new 

spectroscopic tool for fully reliable quantitative evaluation of dye uptake into TiO2 

film has been proposed. This protocol consists of setting a conversion table between 

the UV-Vis optical spectra of the adsorbed dye after several of dipping times and the 

absorption of desorbed dye. This studied the adsorption of N719 on TiO2 from few 

seconds up to 24 h dipping time, showing a pseudo-first order kinetic model with an 

observed rate constant of 3 .1 x 10-4 s-1• Previous studies to evaluate dye uptake or 

adsorption kinetics in DSCs have used NaOH solution to desorb ruthenium dyes. 

However, using NaOH solution has some disadvantages. Firstly, the TiO2 film can 
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be damaged if the film is left in NaOH solution for a long time. Secondly, it is 

difficult to removing organic dye from TiO2 surfaces by NaOH solution. 

To improve DSCs, recent research efforts continue to try fill the gap between the 

recent efficiency achievements and the Shockely-Queiser limit of applies of p-n 

junction TJ = 32%. Co-sensitization is an effective approach to improve DSC device 

performance by using two or more dyes together to harvest light at different 

wavelengths. This is because it's difficult for one dye to absorb all the light from 

350-940 nm. Therefore a combination of multiple dyes can be used to harvest the 

whole spectrum from the visible and near infrared regions. In the past, co

sensitization of organic dyes was preferred to ruthenium complex dyes because of 

the higher molar extinction coefficients of organic dyes which require smaller 

surface areas to co-sensitize thinner DSC films. 176 Guo et al. 177 investigated co

sensitizing a mixture of cyanine dyes on TiO2 nanocrystalline solar cells generating 

the highest photoelectric conversion yield of 3.4%. Zhang et al. 178 combined three 

organic dyes to co-sensitize TiO2 electrodes which led to a wide 400- 700 nm 

spectral response and found that all three dyes behaved better in triple sensitization 

than as individual dyes and a high efficiency up to 6.5% was achieved. The Gratzel 

group demonstrated co-sensitization of two organic dyes; squarylium (SQl) and 

bisthiophene (JK2) on a TiO2 electrode to give Tl = 6.4% under 1.5 AM sun light at 

100 mW.cm·2 irradiation which is higher than that of the individual dyes (Tl = 3.78% 

for SQI, Tl = 6.02 % for JK2). 179 The effect of molar ratio of mixing dyes for co

sensitization has been proposed by Hua et al. 180 who used a mixture of 

trimethinecyanine (A) and pentamethinecyanine (B) to sensitize nanocrystalline 

TiO2 solar cells and found a molar ratio (A:B= 3: 1) generated the highest efficiency 

giving 3% . Ogura et al. 181 significantly, enhanced photocurrent such that the device 

performance by a combination of black dye with the indoline dye (D 131) achieved a 

power conversion efficiency of 11 %. Two mechanisms were suggested for this co

sensitization; one electron transfer was independent from each dye to the TiO2 

electrode, the second was the dissociation mechanisms in which each dye works 

mutually. Yella et al. have recently achieved 12.3% with a donor-rr-bridge acceptor 

zinc porphyrin dye as sensitizer and Y123 as a co-sensitizer using a 

Co(ll/Ill\ris(bipyridyl) based redox electrolyte. A stepwise approach to enhance the 

V oc and J sc has been designed for co-sensitization of the zinc porphyrin sensitizer 
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(LD12) with a spirally configured organic dye (CDS), which showed that upon co

sensitization, the performance of the device improved to yield 17 = 9% which was 

greater than either individual dye made from LD1217 = 7.5 % and for CDS 17 = 5.7 % 

in separate devices under the same conditions of fabrication. The co-sensitization of 

LD12 with CDS on Ti02 film was achieved via a stepwise approach: the Ti02 

electrode was immersed in the LD12 solution for 3 hand then immersed in the CDS 

for 2 h. 182 Passive dyeing was used with all previous researches in co-sensitization 

method. More recently, Holliman et al. 183 have applied ultra-fast co-sensitization of 

three dyes into Ti02 in 5 minutes. Using N719, SQl and a new dye of triarylmine 

dye (YD) gives an efficiency of 7 .5% which is higher than that of individual DSCs. 

In spite of progress in co-sensitization with some organic co-sensitization properties 

and understanding the mechanisms of co-adsorption of DSCs with different dyes are 

still needed. 

1.9 The aim of project 

Efficiency improvements rely on the development of new combinations of dyes, 

redox couples, and photoanodes in DSC. However, low cost and sustainable 

manufacturing of DSC modules also depends on the use of high-throughput roll-to 

roll processing and inexpensive abundant materials. From our review there no reports 

for re-dyeing DSC devices in the literature This thesis work has focused on the 

adsorption, desorption and re-dyeing of dye sensitizers on nanocrystalline Ti02 in 

DSC devices. One challenge has been to study if it is possible to desorb and re-dye a 

device either better or with similar performance to the first dyeing. The advantage of 

this approach should be that it is possible to re-use the device after re-dyeing to 

reduce times the cost and time of dyeing in DSCs. Another aim of this work is to 

study ultra-fast co-sensitization to enhance the overall conversion efficiency of DSC 

by developing selective dye removal from DSC devices. This is linked to how to 

control the dye loading in DSC to improve device performance. Another area of this 

work has been to use the new method of selective dye removal for studying co

adsorption kinetics of the sensitizers on Ti02 nanoparticles in DSCs. 
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Chapter Two Experiment and Methods 

2.1 Experimental Part 

The initial part of this chapter contains a detailed description of the materials and 

instruments used for each specific experiment. The second part of this chapter 

focuses on the device manufacture and the experiments which are related to 

desorption and re-dyeing of sensitizers for DSC, ultra-fast co-sensitization and 

experiments which are related to the kinetics of sensitizer adsorption on TiO2 photo

electrodes for DSCs. 

2.2 Materials 

2.2.1 Conductive glass 

Fluorine-doped transparent conducting oxide (TCO) was sourced from NSG

Pilkington. This TEC-15 glass has a characteristic, resistivity 15 .0/sq, transmission 

83% at 550 nm and glass thickness 3.2 mm. 1 

2.2.2 TiO2 paste 

The TiO2 paste used in this thesis was either a commercial paste; DSL 18NR-T 

(Dyesol) or a P25 TiO2 paste which was prepared according to the procedure in the 

literature.2 This paste used 20% wt% of P25 TiO2 (Degussa) mixed with ethyl 

cellulose (Aldrich) in anhydrous terpineol (Aldrich). This was prepared by dissolving 

ethyl cellulose in terpineol, and adding P25 powder and stirring for 24 hr. Finally the 

paste was homogenized for 30 minutes followed by sonication for 15 minutes. The 

paste was characterized by TGA to determine the ratio of TiO2 in the paste, typically 

using 0.6 mg of paste and heating from 30-650 °C at a rate 10 °C/min. The TiO2 ratio 

was typically about 20% (wt) in the paste. 

2.2.3 Counter electrode 

The platinum catalyst was used as counter electrodes in this thesis, which were 

prepared by thermal decomposition of platinum. Usually, 40 µl to 10 mM solution of 

43 



hexachloroplatinic (IV) acid hydrate (Aldrich) in anhydrous isopropanol was put on 

clean FTO glass. Coated electrodes were sintering at 400 °C for 30 min. It was then 

gradually cooled to room temperature and used for device manufacturing. 

2.2.4 Redox electrolyte 

The electrolyte triiodide/iodide redox couple mediator was used with all DSC 

devices in this thesis. The electrolyte was prepared by dissolving mixing different 

components 0.1 M lithium iodide, 0.05 M iodine and 0.6 M dimethyl propyl 

imidazolium iodide (Sigma-Aldirch) in dry acetonitrile and methoxypropionitrile 

solvents. 

2.2.5 Chemicals 

All chemical reagents (puriss grade) were used without further purification. Tetra

butyl ammonium hydroxide (98%), acetonitrile, methoxypropionitrile, tert-butanol 

were purchased from Sigma Aldrich. 

2.2.6 Sensitizers 

The dye sensitizers used were cis-bis(isothiocyanato )bis(2,2' -bipyridyl-4,4' -

dicarboxylato )-ruthenium(II)-bis-terta-butylammonium, (N719) (Dyesol Ltd), the 

indoline dyes D131 and (D149) (Mitsubushi), and SQ2 (Solaronix Ltd). SQl and 

YD were prepared by Dr Arthur Connell and Moneer Mohsen at Bangor University.3 

2.3 Instruments 

2.3.1 UV-Vis Spectroscopy 

UV-Vis spectroscopy is a useful technique employed to measure the amount of light 

absorption by a sample. The light absorption by a sample depends upon the 

wavelength of light, so UV-visible spectrophotometers use monochromatic light. 

The instrument operates by passing a beam oflight from the UV-Vis lamp sources (a 

deuterium lamp for UV light, and a tungsten lamp is used as a source for visible 
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light), through a sample and measuring the intensity of light reaching a detector. A 

general schematic of UV -Vis Spectrometer is shown in Figure 2.1. 

Light 
Source 

Ho taling 

Heading 

Detect or 

Figure 2.1: Diagram showing the principle working double beam UVNis

Spectrophotometer. Redrawn from 4 

UV-Vis light absorption is due to electronic transitions in the sample. The electron 

promotion will be from a ground state otherwise known as the highest occupied 

molecular orbital (HOMO) to excited states. Generally valence electrons are the only 

ones whose energies permit them to be excited by UV-Vis radiation. 5 There are four 

types of electronic transitions that are possible, (n ---+ n*), (n ---+ n*), (n ---+ cr*) and 

( cr---+ cr*). The energy of these electronic transitions is generally in the following 

order.6 (n---+ n*) < (n---+ n*) < (n---+ cr*) < (cr---+ cr*) 

To illustrate these energy levels, Figure 2.2 shows the hypothetical energy diagram 

of electronic transitions in an organic molecule: 
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Figure 2.2: Hypothetical diagram of electronic transitions in organic molecule. 

Redrawn from. 4 
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The transition n - cr* is high in energy, typically with a corresponding wavelength 

of 150-250 nm. Most UV-Vis spectra involve the transitions n - n* and n - n* and 

the transitions n- n* are generally more intense than n - n* because n - n* band 

is usually at longer wavelength since the transition energy is lower. 7 

Based on Beer' s law, the absorption of light by the sample is proportional to the 

concentration of absorbing molecules and Lambert's law tells us that the fraction of 

radiation absorbed is dependent on the path length. Combining these two laws gives 

the Beer-Lambert law. 8 

Eq 2.1 

Where 

A is the absorbance 

10 is the intensity of the radiation 

I is the intensity of the transmitted radiation 

E. is the molar extinction coefficient in mor1 .L.cm·1 

1 is the path length of the absorbing solution in cm 

C The concentration of absorbing species in mol.L"1 

The most common application of Beer-Lambert equation is to detennine the 

concentration of a chromophore in solution. In practice, the E. can be detennined at 

the maximum absorbance A.max by measuring a series of known concentrations of 

dye solution or standards. The absorbances of the standard solutions are then used to 

prepare a calibration curve. 

2.3.2 I-V measurments 

The current-voltage characteristics for the DSC devices were measured using a 

Keithley 2400 source meter in the voltage range (0-1 V at a maximum current 0.2A). 
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This was connected with a class AAB (ABET solar) simulator a 450 W xenon light 

source to give an irradiance of one sun (AM 1.5 spectrum). 

Figure 2.3: Photograph of Keithley Source-meter and 1-V measurement system 

2.3.3 Thermogravimetry (TGA) 

Thermo gravimetric analysis (TGA) is based on the measurement of mass loss of 

materials as a function of temperature. A thermogrvimetric curve is obtained from a 

plot of mass change against temperature (T). During a TGA measurement, about 0.5 

mg of TiO2 paste was accurately weighed and then run in a nitrogen atmosphere and 

was heated from 25-650 °C at a rate of 10°C/min using an SDT Q600 instrument (TA 

Instruments) . 

2.3.4 External quantum efficiency (EQE) measurements 

All the EQE for the samples were measured in Swansea University by Dr Mathew 

Davies. A QEXl0 Quantum Efficiency Measurement system used a xenon arc lamp 

source, monochromator, filter and reflective optics to provide stable monochromatic 

light. The machine was calibrated with Si reference cell. In general, samples 

measured at range 300-800 nm with data measuring every 10 nm. 
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2.3.5 Digital Camera 

All photographs for the devices in this thesis were taken using a Sony digital camera 

(12.1 mega pixels, 6.2-18.6 mm optical 3x). 

2.3.6 Fast dyeing technique 

Ultra-fast dyeing was used for dyeing DSC devices and the experimental design is 

shown in Figure 2.4. In general, this method involved first sealing the two electrodes 

together and then injecting or pumping a dye solution through the device cavity. Full 

details of the dyeing experiments are given in the following section. 

Dye solution or j 
electrolyte 

FTO glass 

Ti01 film 

Syringe 
or pump 

Outflow for dye or 

~

electrolyte solution 

Seal 

Hole 

Surlyn 

Figure 2.4 Schematic of the design of the dye-sensitized solar cell used in these 

studies showing pumping procedure. Taken from the reference9 

2.4 Experiments Relating to Chapter 3 - Adsorption -Desorption and Re-dyeing 

2.4.1 Molar extinction coefficient (£). 

The molar extinction coefficients (C:) for the dyes used were obtained by measuring 

UV-Vis spectra using a series of varying dye concentrations. To do this, stock 

solutions of dye were prepared by dissolving an exact amount of dye in a known 

volume of solvent. The solutions were then diluted into the working range of the 
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spectrometer and the absorbance values were recorded at the wavelength maximum 

for each dye using a ATI Unicom UVNis Spectrophotometer. The calibration curves 

were plotted between absorbance and dye concentrations to find the molar extinction 

coefficient(£) from the slope using Beer Lambert equation (Equation 2.1). 

2.4.2 Adsorption isotherm experiments 

To make TiO2 films, glass microscope slides (3 cm x 1.5 cm) were washed with 

isopropanol and dried in air and two layers of P25 colloid were printed onto 

microscope slides glass using a doctor blade method. The layer thickness was 

defined by a Scotch tape™ spacer (2 cm x 0.5 cm). The resulting TiO2 film 

electrodes were sintered at 450 °C for 30 min after each TiO2 layer had dried at room 

temperature. All batch adsorption experiments were carried out under dark 

conditions at ca. 20 °c. A stock solution of N719 was prepared (100 mg.L-1
) and 

then diluted to the appropriate concentration at the range (5-60 mg.L-1
). A stock 

solution of the other dye (SQl) was also prepared (10 mg.L-1
) and then diluted to the 

appropriate concentration in the range (0.1 - 1.2 mg.L-1
). Adsorption was achieved 

by adding sintered TiO2 films (2 cm x 0.5cm) into 20 ml of dye solution of a known 

concentration in a sealed pot and leaving this to stand for 8 hours at room 

temperature. After 8 hours the films were taken out and the absorbance of the 

desorbed dye solutions was measured at 532 run for N719 and at 636 nm for SQl, 

using a UV-Vis spectrometer. The adsorbed dye amount on the TiO2 (mg.cm-2
) at 

equilibrium (Qe) was calculated from the following equation. 10 

( C--C )*V 
Q 

I e e=-----
A 

Eq 2.2 

Where Ci and Ce are the initial and equilibrium dye concentration (mg.L-1
) V is the 

volume (litre), and A is the area of film (cm2
). 

2.4.3 Device Manufacture 

For the working electrode, conductive glass (TEC-15, NSG Pilkington) (3 cm x 1.5 

cm) was washed with isopropanol and dried in air and two layers of P25 colloid were 

printed onto the conductive side of the glass using a doctor blade method. The layer 
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thickness was defined by a Scotch tape™ spacer. The resulting TiO2 film electrodes 

were sintered at 450 °C for 30 min after each TiO2 layer deposition. The films were 

then immersed in an aqueous solution ofTiCkTHF2 (15mM, Aldrich) for 30 min at 

70 °C, after then re-sintered at 450 °C for 30 min. 

For the counter electrode, two holes were drilled ca. 2 cm apart through conductive 

glass (TEC-15, Pilkington) (3 cm x 1.5 cm) and the glass was washed with 

isopropanol and dried in air. Then the conductive side of the glass was coated with 

an aqueous solution of H2PtC16 ( 40 µL of 5mM, Aldrich) and the electrodes were 

sintered at 400 °C for 30 min. 

Devices were then assembled by first placing a Surlyn™ (DuPont) gasket around the 

TiO2 photo-electrode and then placing the platinised counter electrode on top of this 

and sealing at 120 °C with gentle pressure for 2 min. Finally, prior to the 

sensitization procedures described below, contacts were made onto the working and 

counter electrodes using conductive silver paint (Agar). 

2.4.4 Investigation of SQl and N719 sorption from mixed dye solution by 

passive dyeing 

From stock solutions of N719 (1.5 mM) and SQl (0.25mM) a series of different 

ratios of SQ1:N719 were prepared in the range (5 %, 10 %, 20 %, 40 %, 50 %, 60 % 

and 80 % c/c) in 10 ml volumes and labelled (a to j). A number of double layer TiO2 

films (1 x 2cm) were also prepared and sintered at 450 °C for 30 minutes. After the 

TiO2 films cooled, each film was placed in a pot of mixed dye solution. After 24 

hours, the films were taken out and washed with ethanol. The UV-Vis spectrum for 

each dyed film was measured using a ATI Unicam UVNis Spectrophotometer. Each 

film was then immersed in tetra-butyl ammonium hydroxide solution (1 % by weight 

prepared by dissolving 1 g of tetra-butyl ammonium hydroxide in 100 ml of a 50:50 

VN ethanol:water solution). The absorbances for the desorbed dye solutions were 

measured on the same spectrometer and the desorbed amounts of the dyes were 

determined using the molar extinction coefficient of each dye. 
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2.4.5 Studies of dye desorption by different alkali solutions. 

The TiO2 electrode of a sealed DSC device was dyed with the Ru-bipy dye N719 

(Dyesol) by pumping dye solution (1ml, 2.8mM) through the device cavity at a flow 

rate of 100 µL min-1 for 10 minutes using the fast dyeing technique described 

previously8 and this was labelled Device A. After the device performance had been 

measured, the N719 dye was desorbed using a solution of KOH (150 µL, l00mM). 

The device cavity was then washed sequentially with ethanol, 0.1 M HCl(aq), and 

filled with 13-;r electrolyte. This device was labelled Device Al and the device 

performance was re-measured and the efficiency was found to have dropped 

significantly confirming dye removal. After the electrolyte was removed from the 

device cavity, this was again rinsed with ethanol in the same manner as described 

above and the same device was re-dyed with N719 (1 ml, 2.8 mM) and fresh 

electrolyte was added; the resulting device was labelled B. After the device 

performance had been measured, the N719 dye was desorbed using a solution of 

NaOH (150 µL, 100 mM) The device cavity was then washed sequentially with 

ethanol, 0.1 M HCl(aq), and filled with h-/r electrolyte. This device was labelled 

Device B 1. After electrolyte removal in the same manner as described above, the 

same device was re-dyed with N719 (1 ml, 2.8 mM) and fresh electrolyte was added; 

the resulting device was labelled C. After the device performance had been 

measured, the N719 dye was desorbed using a solution of Li OH (150 µL, 100 mM). 

The device cavity was then washed sequentially with ethanol, 0.1 M HCl(aq), filled 

with 13-;r electrolyte. This device was labelled Device Cl. After the electrolyte 

removal in the same manner as described above the same device was re-dyed with 

N719 (1 ml, 2.8 mM) and fresh electrolyte was added; the resulting device was 

labelled D. After the device performance had been measured, the N719 dye was 

desorbed using a solution of Bu4NOH (200 µL, 40 mM). The device cavity was then 

washed sequentially with ethanol, 0.1 M HCl(aq), and filled with 13-;r electrolyte. 

This device was labelled Device Dl. After the electrolyte removal in the same 

manner as described above the same device was re-dyed with N719 (1 ml, 2.8 mM) 

and fresh electrolyte was added; the resulting device was labelled E. After the device 

performance had been measured, the N719 dye was desorbed using a solution of 

tris(hydoxymethyl)ethylamine (THMA) (300 µL, 40 mM). The device cavity was 

51 



then washed sequentially with ethanol, 0.1 M HCl(aq), and filled with I3 -;r 

electrolyte. This device was labelled Device El. After the electrolyte removal, the 

same device was re-dyed with N719 (1 ml, 2.8 mM) and fresh electrolyte was added; 

the resulting device was labelled F. 

2.4.6 Dark current measurement 

The TiO2 electrode of a sealed DSC device was dyed with the Ru-bipy dye N719 

(Dyesol) by pumping dye solution (1ml, 0.5 mM) through the device cavity at a flow 

rate of 100 µL min-1 for 10 minutes using the fast dyeing technique described 

previously and this was labelled Device A. The device performance was measured 

under light and also in a dark when the device was covered by black paper. N719 

was desorbed using a solution of tetra-butyl ammonium hydroxide solution (1 % by 

weight g/ml). The device cavity was then washed sequentially with de-ionized water, 

0.1 M HCl(aq), water, ethanol and acetone and then filled with 13 -;r electrolyte. This 

device was labelled Device B and the performance was re-measured again under 

light and in the dark. After electrolyte removal using 200 µl ethanol, the device was 

then re-dyed with N719 (1 ml, 0.5 mM) then filled with h-/r electrolyte and this was 

labelled Device C and the performance was measured again under light and in a dark. 

Dyeing desorption and re-dyeing with the same solutions and measuring under light 

and in the dark were repeated three times. 

2.4.7 Device error 

A numbers of TiO2 electrodes of a sealed DSC device were prepared and dyed with 

Ru-bipy dye N719 (Dyesol) by pumping dye solution (1ml, 2.8 mM) through the 

device cavity at a flow rate of 100 µL min-1 for 10 minutes using the fast dyeing 

technique described previously. Each device was filled with h -/r electrolyte then the 

device performance was measured. 

2.4.8 Desorption and re-dyeing the Ru-bipyridyl Dye - N719 

The TiO2 electrode of a sealed DSC device was dyed with the Ru-bipy dye N719 

(Dyesol) by pumping dye solution (1ml, 2.8 mM) through the device cavity at a flow 
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rate of 100 µL min-1 for 10 minutes using the fast dyeing technique described 

previously and this was labelled Device A. After the device performance had been 

measured, the N719 dye was desorbed using a solution of tetra-butyl ammonium 

hydroxide solution (1 % by weight g/ml). The device cavity was then washed 

sequentially with de-ionized water, 0.1 M HCl(aq), water, ethanol and acetone and 

then filled with h-/r electrolyte. This device was labelled Device Al and the 

performance was re-measured and the efficiency was found to have dropped 

significantly confinning dye removal. Finally the electrolyte was removed from the 

device cavity which was again rinsed with de-ionized water, 0.1 M HCl(aq), de

ionized water, ethanol and acetone in the same manner as described above and the 

same device was re-dyed with N719 (1 ml, 2.8 mM) and fresh electrolyte was added; 

the resulting device was labelled Al-R. Desorption and re-dyeing cycles were then 

repeated using the same procedure and showing the same trends in device efficiency. 

These devices were labelled A2 (desorbed TiO2) and A2-R (N719 re-dyed for the 

second time). The photographs of TiO2 devices (2x0.5 cm) were taken to illustrate 

the colour changes taking place during the dyeing, desorption and re-dyeing cycles 

using the Ru-bipyridyl dye N719. 

2.4.9 Desorption and re-dyeing the Ru-terpyridyl Dye - "Black dye" 

The TiO2 electrode of a sealed DSC device was dyed with the Ru-terpyridyl dye 

"Black dye" (Dyesol) by pumping dye solution (1 ml, 0.28 mM) through the device 

cavity at a flow rate of 100 µL min-1 for 10 minutes using the fast dyeing technique 

described previously and this was labelled Device B. After the device performance 

had been measured (Table 3.9), the "Black dye" dye was desorbed using tetra-butyl 

ammonium hydroxide solution (1 % by weight in 1: 1 ethanol-water solution). The 

device cavity was then washed sequentially with de-ionized water, 0.1 M HClcaq), de

ionized water, ethanol and acetone and then filled with electrolyte. This device was 

labelled Device B 1 and the performance was re-measured and the efficiency was 

found to have dropped significantly confirming dye removal. Finally the electrolyte 

was removed from the device cavity which was again rinsed with de-ionized water, 

0.1 M HCl(aq), de-ionized water, ethanol and acetone and the same device was re

dyed with "Black dye" (1 ml, 2.8 mM) and fresh electrolyte was added; the resulting 

device was labelled Bl-R. The desorption and re-dyeing cycle was then repeated 
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using the same procedure and showing the same trends in device efficiency. These 

devices were labelled B2 (desorbed TiO2) and B2-R ("Black dye" re-dyed for second 

time). 

2.4.10 Desorption and re-dyeing with the organic dye SQl 

The TiO2 electrode of a sealed DSC device was dyed with SQl (1 ml, 0.28 mM) by 

pumping dye solution through the device cavity at a flow rate of 100 µL min-1 for 10 

minutes using the fast dyeing technique described previously and this was labelled 

Device C. After the device performance had been measured (Table 3 .10), the SQ 1 

dye was desorbed using a solution of tetra-butyl ammonium hydroxide solution (1 % 

by weight prepared by dissolving 1 g of tetra-butyl ammonium hydroxide in 100 ml 

of a (1 :1) VN ethanol:water solution). The device cavity was then washed 

sequentially with de-ionized water, 0.1 M HClcaq), de-ionized water, ethanol and 

acetone and then filled with I3 -;r electrolyte. This device was labelled Device C 1 and 

the performance was re-measured and the efficiency was found to have dropped 

significantly confirming dye removal (Table 3 .10). Finally, the electrolyte was 

removed from the device cavity which was again rinsed with de-ionized water, 0.1 M 

HClcaq), de-ionized water, ethanol and acetone and the same device was re-dyed with 

SQl and fresh electrolyte was added; the resulting device was labelled Cl-R. 

Photographs of TiO2 devices (2x0.5 cm) were taken to illustrate the colour changes 

taking place during the dyeing desorption and re-dyeing cycles using SQl. 

2.4.11 Desorption and re-dyeing with the organic dye D149 

The TiO2 electrode of a sealed DSC device was dyed with the organic dye Dl 49 by 

pumping dye solution (1ml, 0.5 mM) through the device cavity at a flow rate of 100 

µL min-1 for 10 minutes using the fast dyeing technique described previously and this 

was labelled Device D. After the device performance had been measured (Table 

3.11), the Dl49 dye was desorbed using aqueous tetra-butyl ammonium hydroxide 

solution (1 % by weight in 1: 1 ethanol-water solution). The device cavity was then 

washed sequentially with de-ionized water, 0.1 M HClcaq), de-ionized water, ethanol 

and acetone and then filled with electrolyte. This device was labelled Device D 1 and 

the perfonnance was re-measured and the efficiency was found to have dropped 
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significantly confirming dye removal. Finally the electrolyte was removed from the 

device cavity which was again rinsed with de-ionized water, 0.1 M HCl(aq), de

ionized water, ethanol and acetone in the same manner as described above and the 

same device was re-dyed with D149 (0.5 mM) and fresh electrolyte was added; the 

resulting device was labelled D1-R. 

2.4.12 Desorption and re-dyeing with different dyes 

A sealed TiO2 photo-electrode was dyed with SQl (1 ml, 0.28 mM) using the fast 

dyeing technique described above and this was labelled Device E. After the device 

performance had been measured and the data summarized in Table 3.12, the SQl dye 

was desorbed using tetra-butyl ammonium hydroxide solution (1 % by weight in 

50:50 ethanol-water solutions). Finally the same device was re-dyed with N719 (1 

ml, 2.8 mM) and fresh electrolyte was added; the resulting device was labelled El-R. 

2.4.13 Changing the orders of dyeing N719 and SQl 

A sealed TiO2 photo-electrode was dyed with the Ru-bipy dye N719 (1ml, 2.8 mM) 

using the fast dyeing technique and this was labelled Device F. After the device 

performance had been measured (Table 3.13), the N719 dye was desorbed using 

aqueous tetra-butyl ammonium hydroxide solution (1 % by weight in 50:50 ethanol

water solution). Finally the same device was re-dyed with SQl (1ml, 0.28 mM) and 

fresh electrolyte was added; the resulting device was labelled Fl-R. 

2.4. 14 Desorption and re-dyeing using mixed dye solutions. 

A mixed dye solution containing N7 l 9 and SQ 1 was prepared by mixing 4300 µL of 

N719 solution (2 mM) with 700µL of SQl solution (0.4 mM) to give an overall ratio 

SQl :N719 of 3%:97% (cone. to cone.). The TiO2 electrode of a sealed DSC device 

was then dyed by pumping this mixed N719:SQ1 solution through the device cavity 

at a flow rate of 100 µL min-1 for 10 minutes using the fast dyeing technique 

described previously and this was labelled Device G. After the device performance 

had been measured (Table 3.14), the dyes were desorbed using aqueous tetra-butyl 

ammonium hydroxide solution (1 % by weight in 50:50 ethanol-water solution). The 
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device cavity was then washed sequentially with de-ionized water, 0.1 M HClcaq), de

ionized water, ethanol and acetone and then filled with electrolyte. This device was 

labelled Device G 1 and the performance was re-measured and the efficiency was 

found to have dropped significantly confirming dye removal. The concentration of 

N719 dye desorbed from the TiO2 photo-electrode was also measured using UV

visible spectroscopy and the data are shown in Table 3.14. Finally, the electrolyte 

was removed from the device cavity which was again rinsed with de-ionized water, 

0.1 M HClcaq), de-ionized water, ethanol and acetone in the same manner as 

described previously and the same device was re-dyed with mixed N719:SQ1 dye 

solution and fresh electrolyte was added; the resulting device was labelled Gl-R. 

2.4.15 Effect of Bu4NOH concentration on dye desorption 

A TEC glass device was prepared with a P25 colloid sintered onto the working 

electrode and Pt sintered on to the counter electrode. The two electrodes were then 

sealed together with a Surlyn gasket and the device photo-electrode was then dyed 

with N719 solution (1ml, 1 mM). The dye was partially desorbed using 100µ1 of 

different concentrations of tetra-butyl ammonium hydroxide ( 4, 8, 20 or 40 mM). In 

between each desorption, the device cavity was rinsed as described previously before 

re-dyeing with a solution ofN719. I-V data were measured after each dyeing step. 

2.4.16 Effect of varying volumes of Bu4NOH on dye desorption 

A TEC glass device was prepared with a double layer of P25 colloid sintered onto 

the photo-electrode and Pt sintered on to the counter electrode. The two electrodes 

were then sealed together with a Surlyn gasket and the device photo-electrode was 

then dyed with N719 (1 ml, 1 mM) solution. The dye was partially desorbed using 

different volumes of 4 mM tetra-butyl ammonium hydroxide (100 to 1000 µI). In 

between each desorption, the device cavity was rinsed as described previously before 

re-dyeing with a solution of N719. 1-V data were measured after each dyeing and 

desorption step. 
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2.4.17 Studies of partial dye removal and re-dyeing 

The TiO2 electrode of a sealed DSC device was dyed with N719 by pumping dye 

solution (1 ml, 2.8 mM) through the device cavity at a flow rate of 100 µL min-1 for 

10 minutes using the fast dyeing technique described previously and this was 

labelled Device H. After the device performance had been measured, the N719 dye 

was partially desorbed using aqueous tetra-butyl ammonium hydroxide solution 

(0.001 % by weight in 50:50 ethanol-water solution). The device cavity was then 

washed sequentially with de-ionized water, 0.1 M HCl(aq), de-ionized water, ethanol 

and acetone and then filled with electrolyte. This device was labelled Device Hl and 

the performance was re-measured. The amount of partial N719 removal was then 

measured using UV-Vis spectroscopy. The electrolyte was then removed from the 

device cavity which was again rinsed with water, 0.1 M HCl(aq), water, ethanol and 

acetone in the same manner as described above and the same device was re-dyed 

with SQl (1 ml, 0.28 mM) and fresh electrolyte was added; the resulting device was 

labelled Hl-R. The electrolyte was then removed from the device cavity which was 

again rinsed with de-ionized water, 0.1 M HCl(aq), de-ionized water, ethanol and 

acetone in the same manner as described above and the same device was re-dyed 

with N719 (300µ1, 2.8 mM) and fresh electrolyte was added; the resulting device was 

labelled H2-R. 

2.4.18 Study of repeated partial desorption and re-dyeing with different dyes 

The TiO2 electrode of a sealed DSC device was dyed with N719 by pumping dye 

solution (1ml, 2.8 mM) through the device cavity at a flow rate of 100 µL min-1 for 

10 minutes using the fast dyeing technique described previously followed by 13 -;r 

electrolyte and this was labelled Device A. After the device performance had been 

measured, the N719 dye was desorbed using aqueous tetra-butyl ammonium 

hydroxide solution (1 % by weight in 50:50 ethanol-water solution). The device 

cavity was then washed sequentially with de-ionized water, 0.1 M HCl(aq), de-ionized 

water, ethanol and acetone and then re-filled with electrolyte. This device was 

labelled Device B and the performance was re-measured and the efficiency was 

found to have dropped significantly confirming N719 dye removal. The electrolyte 

was then removed from the device cavity which was again rinsed with water, 0.1 M 

HCl(aq), water, ethanol and acetone in the same manner as described above. The same 
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device was re-dyed with N719 (1 ml, 2.8 mM) and then N719 partially removed 

using 20 µl of tetra-butyl ammonium hydroxide solution before fresh electrolyte was 

added; the resulting device was labelled C. The electrolyte was then removed from 

the device cavity with ethanol, and N719 was then partially removed by pumping 

Bu4NOH (100 µl , 8 mM) Device D. To the same device, SQl (1.5 ml, 0.25 mM) was 

then added followed by added fresh electrolyte the resulting device was labelled E. 

The total dye loading was then removed using Bu4NOH (200 µ1, 40 mM), then 

electrolyte was added and the device measured Device F. Again the same device 

was re-dyed with N719 (1 ml, 2.8 mM) followed by adding an electrolyte and the 1-V 

was measured. After removing 13·;r electrolyte by ethanol N719 was partially 

removed using Bu4NOH (25 µl, 1 mM) giving Device H. Again the amount of 

desorbed dye was measured by UV-Vis spectrophotometer. SQl (1 ml, 0.25 mM) 

was added giving (Device I). After the 1-V was measured the total dyes were 

desorbed by Bu4NOH (200 µl, 40 mM) giving Device J. In the same manner, the 

amounts of both desorbed dyes were measured by UV-Vis spectroscopy. The device 

was then re-dyed with N719 (1 ml, 2.8 mM) giving Device K. After measuring the I

V, N719 was partially removed by Bu4NOH (50 µ1, 1 mM) followed by adding 

electrolyte giving Device L and the electrolyte was then removed and N719 added (1 

ml, 2,8 mM) giving Device Mand the I-V was then re-measured. 

2.4.19 Study of the selective removal of N719 

A TEC glass device was prepared with a P25 colloid sintered onto the working 

electrode and Pt sintered on to the counter electrode. The two electrodes were then 

sealed together with a Surlyn gasket and the device photo-electrode was then dyed 

with N719 solution (1 ml, 2.5 mM) followed by 13 ·;r electrolyte and the 1-V was 

measured. After the electrolyte was flushed out by 100 µL of ethanol and rinsing, 

SQl was added (300 µL, 2.8 mM) by pumping through the device cavity the cell was 

measured. The cell was washed with 100 µL of ethanol. N719 was then removed by 

LiOH (50 µL, 100 mM), and SQl was then removed by tetra-butyl ammonium 

hydroxide (100 µL, 4 mM). The UV/Vis spectrum was taken for each desorbed 

solution. The device was again rinsed with water, 0.1 M HCl(aq), water, ethanol and 

acetone before being re-dyed with SQl (1 ml, 2.8 mM) followed by filling with 13·;r 

electrolyte and the I-V of the device was measured. The electrolyte was then 

58 



removed from the device cavity which was again rinsed with de-ionized water, 0.1 M 

HClcaq), de-ionized water, ethanol and acetone in the same manner as described 

above and the same device was dyed with N719 (1 ml , 2.5 mM) and fresh 

electrolyte was added and measured the device. 1-V data were measured after each 

dyeing and desorption step. 

2.4.20 Selective removal of N719 and D149 

A TEC glass device was prepared with a P25 colloid sintered onto the working 

electrode and Pt sintered on to the counter electrode. The two electrodes were then 

sealed together with a Surlyn gasket and the device photo-electrode was then dyed 

with N719 solution (1 ml, 1 mM). The dye was partially desorbed using tetra-butyl 

ammonium hydroxide (50 µL, 4 mM) before adding D149 dye solution (250 µL, 0.5 

mM). The N719 dye was then selectively removed using LiOH (200 µl, 100 mM) 

before re-dyeing with N719. In between desorption, the device cavity was rinsed as 

described previously. 1-V data were measured after each dyeing and desorption step. 

2.4.21 Selective removal of N719, SQl and D149 

A TEC glass device was prepared with a P25 colloid sintered onto the electrode and 

Pt sintered on to the counter electrode. The two electrodes were then sealed together 

with a Surlyn gasket and the device photo-electrode was then dyed with SQl solution 

(300 µL, 0.34 mM), followed by h-/r electrolyte and this was labelled Device A. 

After electrolyte removal and rinsing, N719 was added (500 µL, 1 mM), followed by 

h -/r electrolyte and this was labelled Device B. After electrolyte removal and rinsing 

Dl49 was added (200 µL, 0.5 mM), followed by 13-;r electrolyte and this was 

labelled Device C. After electrolyte removal and 1insing, N719 dye was selectively 

removed by pumping LiOH (100 µL, 100 mM) through the device cavity followed 

by HCl (50 µL, 100 mM), and re-filling with 13-;r electrolyte and this was labelled 

Device D. After electrolyte removal and rinsing the SQl was desorbed by pumping 

Bu4NOH (100 µL, 1 mM) through the device cavity followed by adding l3 -;r 

electrolyte and this was labelled Device E. After electrolyte removal and rinsing, the 

D149 was desorbed by pumping Bu4NOH (100 µL, 8 mM) followed by pumping 
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acetone (100 µL), and then ethanol (100 µL) and the device was labelled F. I-V data 

were measured after each dyeing and desorption step. 

2.5 Dye Experiments Relating to Chapter 4 - Co-Sensitization 

2.5.1 Co-sensitization of Hf-SQl with N719 

A TEC glass device was prepared with a P25 colloid sintered onto the working 

electrode and Pt sintered on to the counter electrode. The two electrodes were then 

sealed together with a Surlyn gasket and the device photo-electrode was then 

sequentially dyed with 3-[(1-ethyl-1,3-dihydro-3,3-dimethyl-2H-indol-2-

ylidene )methyl]-4-hydroxy-cyclobutene-1,2-dione otherwise known as half SQ 1 

(HfSQl) dye (300µL, 5mM), filling with 13-;r electrolyte, and then the I-V was 

measured. After electrolyte removal with 1 00µL ethanol and rinsing the device, 

N719 (500 µL, 2.8 mM) was added and the cell was measured. The electrolyte was 

then removed from the device cavity with 100 µL ethanol. Then all the dyes were 

completely removed using tetra-butyl ammonium hydroxide (250 µL, 40 mM) 

followed by passing HCl(aq), (100 µL. 100 mM) through the device cavity. Then the 

device was re-dyed with N719 (500 µL, 2.8 mM) before re-filling with 13-;r 

electrolyte and measuring the cell. Hf-SQl (300 µL, 5 mM) was then added followed 

by 13-;r electrolyte and the cell measured. I-V data were measured after each dyeing 

and desorption step. 

2.5.2 Studies of controlling dye loading in co-sensitized devices 

A TEC glass device was prepared with a P25 colloid sintered onto the working 

electrode and Pt sintered on to the counter electrode. The two electrodes were then 

sealed together with a Surlyn gasket and the device photo-electrode was then dyed 

with N719 solution (1 ml, 1 mM), followed by 13-;r electrolyte and this was labelled 

Device A. Then dye was partially desorbed using tetra-butyl ammonium hydroxide 

(100 µI , 2 mM) and more I3-;r electrolyte was added and this was labelled Device B. 

The device cavity was rinsed as described previously before re-dyeing with a 

solution of HfSQl dye (1 ml, 0.1 mM) followed by 13-;r electrolyte addition and this 

was labelled Device C. Dye was then completely removed by Bu4NOH (200 µ1,40 
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mM) followed by h-/r electrolyte and this was labelled Device D . The device cavity 

was rinsed again before re-dyeing with N719 (1 ml, lmM) followed by 13-;r 

electrolyte addition and this was labelled Device E. N719 was then partially removed 

by pumping Bu4NOH (200 µl, 4 mM) followed by h-/r electrolyte addition and this 

was labelled Device F. SQl (500 µl, 0.5 mM) in 5mM CDCA was then added 

followed by 13·;r electrolyte and this was labelled Device G. Again dye was then 

completely removed by Bu4NOH (200 ~Li, 40 mM) followed by l3 ·;r electrolyte 

addition and this was labelled Device H. The device was re-dyed again with N719 (1 

ml, lmM) followed by 13-;r electrolyte addition and this was labelled Device I. After 

partial dye removal, a mixed half SQl and SQl solution was prepared in 1 :1 v/v 

ratio (1 ml of 0.5 mM SQl and 1 ml of 0.1 mM HfSQl) was followed by 13·;r 

electrolyte addition and this was labelled Device K. After removal of all dyes using 

Bu4NOH (200 µl, 40 mM), the device was redyed with Hf-SQl (1 ml, 0.1 mM) 

followed by 13-;r electrolyte addition and this was labelled Device N. N719 (1 ml, 1 

mM) was then added followed by 13 ·;r electrolyte and this was labelled Device 0. 

The 1-V data were measured for each adsorption and desorption step. 

2.5.3 Co-sensitization using SQ1:SQ2 mixtures 

A TEC glass device was prepared with two layers of DSL-18NRT TiO2 colloid 

sintered onto the working electrode followed by a TiO2 scattering layer and Pt was 

deposited on the counter electrode as described previously. The two electrodes were 

then sealed together with a Surlyn gasket and the device photo-electrode was then 

dyed with 700 µL of a mixed solution containing SQ 1 (0.22 mM) and SQ2 (0.33 

mM) in 10 mM CDCA, followed by 13 ·;r electrolyte addition. The dyes were then 

completely removed by pumping Bu4NOH (300 µl, 40 mM) and then HClcaq) (100 

µL , 100 mM) through the device cavity followed by 1 00µL ethanol, to neutralize 

and clean the TiO2 surface. The device was then re-dyed with the same mixed dye 

solution followed by 13 ·;r electrolyte addition and measured the cell. The 1-V data 

were measured at each dyeing and desorption step. 
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2.5.4 Co-sensitization by sequential dyeing of SQl and SQ2 

A TEC glass device was prepared with two layers of DSL-18NRT TiO2 colloid 

sintered onto the working electrode and Pt sintered on to the counter electrode as 

described previously. The two electrodes were then sealed together with a Surlyn 

gasket and the device photo-electrode was then dyed with SQl (700 µl , 0.34 mM 

with 10 mM Chenodeoxycholic acid (CDCA)) followed by l3 -;r electrolyte addition. 

After electrolyte removal by pumping 100 µl ethanol, SQl was partially removed by 

pumping Bu4NOH (100 µl, 1 rnM) through the device cavity followed by HCl(aq) (50 

µL, 1 00mM). Again 13-;r electrolyte was added the cell 1-V data were measured. The 

electrolyte was removed and SQ2 (500 µl, 1 mM) was added before re-filling with l3-

;r electrolyte. The 1-V data were measured at each step and for the following six 

days. The above procedure was repeated using another device but changing the order 

of dyeing; first dyeing with SQ2 (500 µl, lmM) and after desorption, re-dyeing with 

SQl (200 µl , 0.34 mM). 

2.5.5 SQl Dyeing, Partial and Selective removal and N719 re-dyeing. 

A TEC glass device was prepared with two layers of DSL-18NRT TiO2 colloid 

sintered onto the working electrode followed by a TiO2 scattering layer and Pt was 

sintered on to the counter electrode as described previously. The two electrodes were 

then sealed together with a Surlyn gasket and the device photo-electrode was then 

dyed with SQl (300 µl, 0.34 mM) dye solution containing 5 mM CDCA. The dye 

was partially desorbed using tetra-butyl ammonium hydroxide (200 µl , lmM) and 

the device cavity was washed by HCl(aq) (50 µl , 1 O0rnM) followed by 100 µl 

ethanol, before adding N719 dye (150 µl , 1 mM) in 5 mM CDCA. The N719 dye 

was then selectively removed using LiOH ( 100 µl , 100 mM). The device was then 

re-dyed again with N719 (1 ml, 1 mM). In between desorptions, the device cavity 

was rinsed as described previously. 1-V data were measured after each dyeing and 

desorption step. 
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2.5.6 Co-sensitized sequence of N719 the SQl 

A TEC glass device was prepared with two layers of DSL-18NRT TiO2 colloid 

sintered onto the working electrode and Pt was sintered on to the counter electrode as 

described previously. The two electrodes were then sealed together with a Surlyn 

gasket and the device photo-electrode was then dyed with N719 (1 ml, 1 mM) 

containing 5mM MCDCA. The dye was partially desorbed using tetra-butyl 

ammonium hydroxide (50µL, 4mM), and the device cavity was then rinsed, before 

adding SQl dye (10 µl , 0.24 mM). The N719 dye was then selectively removed by 

pumping LiOH (100 µL, 100 mM) through the device cavity followed by rinsing and 

re-filling with 13 -;r electrolyte. After electrolyte removal and rinsing, the device was 

then re-dyed with N719 (1 ml, 1 mM). In between each desorption, the device cavity 

was rinsed as described previously. The I-V data were measured after each dyeing 

and desorption step. 

2.5.7 Co-sensitization with 6% SQ1:N719 

A TEC glass device was prepared with two layers of DSL-18NRT TiO2 colloid 

sintered onto the working electrode and Pt was sintered on to the counter electrode as 

described previously. The two electrodes were then sealed together with a Surlyn 

gasket and the device photo-electrode was then dyed with a mix of 6% SQ1:N719 by 

concentration, which was prepared by mixing 1 ml of 0.1 mM SQl with 4 ml of 1.5 

mM N719 along with 5 mM CDCA. The final concentrations each dye in a mixing 

dyes solution were found by measuring the absorbance of the dye solutions after 

diluting 100 times using UV /Vis spectroscopy. The cell was measured after filling 

with 13 -;r electrolyte. The dyes were removed using tetra-butyl ammonium 

hydroxide (200 µl, 40mM) and the absorbance of the desorbed solution was 

measured to determine the amount of adsorbed each dye. Again the device was re

dyed with the same 6% SQl :N719 dye solution after washing the device by HCl(aq) 

(50µL, l00mM) and l00µL of ethanol followed by rinsing and re-filling with 13-;r 

electrolyte and the I-V was measured. 
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2.5.8 Co-sensitization with single Yell ow dye YD 

A TEC glass device was prepared with two layers of DSL-18NRT TiO2 colloid 

sintered onto the working electrode and Pt was sintered on to the counter electrode as 

described previously. The two electrodes were then sealed together with a Surlyn 

gasket and the device photo-electrode was then dyed with the yellow triphenylamine 

dye, 4-[2-( 4-diphenylaminophenyl)vinyl]benzoic acid ] (YD) (1.5 ml , 2.5 mM) 

containing 5 mM CDCA. The device was then re-filling with 13-;r electrolyte. The I

V data were measured. The dye loaded was then desorbed using Bu4NOH (200 µL, 

40mM). 

2.5.9 Co-sensitization of YD and N719 

A TEC glass device was prepared with two layers of DSL-18NRT TiO2 colloid 

sintered onto the working electrode and Pt was sintered on to the counter electrode as 

described previously. The two electrodes were then sealed together with a Surlyn 

gasket and the device photo-electrode was then dyed with yellow triphenylamine dye 

(YD), (1 .5 ml , 2.5 mM) containing 5 mM CDCA. The device was then filing with 

I3 -;r electrolyte then the cell was measured. Thereafter the electrolyte was removed 

by Bu4NOH (200µL, 40mM). N719 (1ml, lmM) was added followed by re-filling 

with 13 -;r electrolyte and the cell measured. After one, day the dyes were desorbed 

and measured using ATI Unicam UV-Vis spectroscopy. A similar experiment was 

repeated with another device but changing the order of dyeing, the device dyed was 

first with N719 and then added YD was added and the 1-V was measured. 

2.5.10 Co-sensitization of SQl and YD 

A TEC glass device was prepared with two layers of DSL-18NR T sintered onto the 

working electrode and Pt was sintered on to the counter electrode as described 

previously. The two electrodes were then sealed together with a Surlyn gasket and 

the device photo-electrode was then dyed with SQl (500µL, 0.25 mM containing 5 

mM CDCA), then YD (1 ml, 2.5 mM with 5 mM CDCA), followed by filling with 

13-;r electrolyte. The 1-V data were measured at each dyeing step. The dyes loading 

were desorbed by Bu4NOH (200µL, 40mM) and the dye loadings were measured 
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using the UV-Vis using and depending on the molar extinction coefficient of each 

dye. 

2.5.11 Sensitization using D149 

A TEC glass device was prepared with two layers of DSL-18NRT TiO2 colloid 

sintered onto the working electrode and Pt was sintered on to the counter electrode as 

described previously. The two electrodes were then sealed together with a Surlyn 

gasket and the device photo-electrode was then dyed with Dl49 (1.5ml, 0.5mM with 

5 mM CDCA) using ultra-fast dyeing. The device was then filing with h-/r 

electrolyte and this was labelled Device A the I-V -V data were measured. 

2.5.12 Co-sensitization of YD with D149 

A TEC glass device was prepared with two layers of DSL-18NRT TiO2 colloid 

sintered onto the working electrode and Pt was sintered on to the counter electrode as 

described previously. The two electrodes were then sealed together with a Surlyn 

gasket and the device photo-electrode was then dyed with YD (1ml, 2.5mM with 10 

mM CDCA) using ultra-fast dyeing followed by l3-/l" electrolyte and this was 

labelled Device B. After measurement, the electrolyte was then removed by passing 

l00µL ethanol through the device cavity. Dl49 (1ml, 0.5 mM) in 10 CDCA was then 

added through the device cavity followed by re-filling with 13-;r electrolyte. After 

the device holes were sealed carefully, and the I-V was measured. The device was 

the left and was labelled Device D, and after five days was labelled Device E. 

2.5.13 Sequential co-sensitization of N719:D149 (10:1) 

A TEC glass device was prepared with two layers of DSL-18NRT TiO2 colloid 

sintered onto the working electrode and Pt was sintered on to the counter electrode as 

described previously. The two electrodes were then sealed together with a Surlyn 

gasket and the device photo-electrode was dyed with N719 (1ml, lmM with 10 mM 

CDCA) using ultra-fast dyeing. The device was then measured after filling with h-/r 

electrolyte. The electrolyte was then removed by passing 1 00µL ethanol through the 

device cavity. Dye was partially removed by Bu4 NOH (100 µL, lmM) followed by 
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rinsing and re-filling with 13-;r electrolyte the device was re-measured. The 

electrolyte was then removed by passing 1 00µL ethanol through the device cavity 

and D149 (l00µL, 0.5 mM with 10 CDCA) was then added followed by re-filling 

with 13-;r electrolyte, and the device was re-measured. N719 was then selectively 

removed with LiOH (200µL, 1 00mM). The device was then measured after re-filling 

with 13-;r electrolyte. After electrolyte removal and rinsing, the device was re-dyed 

with N719 (1ml, lmM) followed by re-filing with h-/r electrolyte. The holes of the 

device were then sealed carefully, the device aged and the I-V was measured. 

2.5.14 Co-sensitization of a mixed solution of N719:D149 (1:1 v/v) 

A TEC glass device was prepared with two layers of DSL-18NRT TiO2 colloid 

sintered onto the working electrode and Pt was sintered on to the counter electrode as 

described previously. The two electrodes were then sealed together with a Surlyn 

gasket and the device photo-electrode was then dyed with 1.5 ml of a mix 

N719:D149 solution which was prepared by mixing N719 (1 ml, 1 mM) with D149 

(1ml, 0.5 mM) to 60 % D149:N719 by concentration ratio, using ultra-fast dyeing. 

The device was measured after filing with h-/r electrolyte. The dye loadings were 

desorbed by Bu4NOH (200µL, 40mM) followed by 200µL of acetone and 100µ1 of 

ethanol. The device cavity was washed with HCl(aq) (1 00µL, 100 mM) followed by 

l00µL ethanol. The device was the re-dyed with the same N719:D149 dye solution 

followed by re-filling with h-/r electrolyte and the I-V was measured. 

2.5.15 Co-sensitization of a mixed solution of N719:D149 (1:2) (v/v) 

A TEC glass device was prepared with two layers of DSL-18NRT TiO2 colloid 

sintered onto the working electrode and Pt was sintered on to the counter electrode. 

The two electrodes were then sealed together with a Surlyn gasket and the device 

photo-electrode was then dyed with 1.5 ml of a mixed N719:D149 solution which 

was prepared by mixing N719 (1 ml, 1 mM) with D149 (2ml, 0.5 mM with 10 mM 

CDCA) to give 50 % N719: D 149 by concentration ratio, using ultra-fast dyeing. The 

device was measured after filling with h-/r electrolyte. The electrolyte was then 

removed by l00µL ethanol. N719 was the selectively removed by LiOH (l00µL, 

1 00mM) followed by filling with 13-;r electrolyte and re-measured the I-V of the 
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device. After electrolyte removal and rinsing, the device was re-dyed with N719 

(1ml, lmM with 10 CDCA). The I-V data were measured and are listed in Table 

4.16. This experiment was repeated with another device dyeing with a mix of 

N719:Dl49 (1:3VN) corresponding to 16 % N719:Dl49 by concentration ratio and 

the I-V were measured at each dyeing step. 

2.5.16 Co-sensitization using a mixed solution of three dyes (N719:D149:SQ1) 

A TEC glass device was prepared with two layers of DSL-l 8NRT sintered onto the 

working electrode and Pt was sintered on to the counter electrode. The two 

electrodes were then sealed together with a Surlyn gasket and the device photo

electrode was then dyed with a mixed solution of N719:Dl49:SQ1 which was 

prepared by mixing N719 (1 ml, 1 mM), D149 (1ml, 0.5 mM), and SQl (l00µL, 

0.25mM) with 10 mM CDCA followed by filling with h ·/r electrolyte and the I-V 

data were measured at each dyeing step. 

2.5.17 Sequential co-sensitization with three dyes (N719:D131:SQ1) 

A TEC glass device was prepared with two layers of DSL-18NRT TiO2 colloid 

sintered onto the working electrode and Pt was sintered on to the counter electrode. 

The two electrodes were then sealed together with a Surlyn gasket and the device 

photo-electrode was then dyed with N719 dye solution (1ml, 1 mM), followed by 

filling with 13 ·;r electrolyte. After electrolyte removal and rinsing, N719 was 

partially desorbed using tetra-butyl ammonium hydroxide (50 µl , 4 mM) and the 

device re-fillied with 13 ·;r electrolyte and measured. After electrolyte removal and 

rinsing the device was selectively using Li OH (1 00µL, 1 00mM) filling with 13 ·;r 

electrolyte and measured the devices. After electrolyte removal and rinsing the 

device was then re-dyed with mix ofD131:SQ1. I-V data were measured after each 

dyeing and desorption step. 

2.5.18 Sequential dyeing and desorption of (N719: YD: SQl) 

A TEC glass device was prepared with double layers of DSL-18NRT sintered onto 

the working electrode and Pt was sintered on to the counter electrode. The two 
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electrodes were then sealed together with a Surlyn gasket and the device photo

electrode was then dyed with SQI (500µL, 0.34 mM with 5 mM CDCA), followed 

by filling with 13-;r electrolyte. After electrolyte removal by 100 µL ethanol and 

rinsing, YD was added (1ml, 0.25 mM with 5mM CDCA) followed by re-filling with 

l3 -;r electrolyte. Again the electrolyte was removed with 100 µL ethanol and rinsing. 

N719 was then added (1ml, 1 mM) in 5mM CDCA, and the device re-filled with I3-

;r electrolyte. The I-V data were measured at each dyeing step. N719 was then 

desorbed by Li OH (200 µL, 1 00mM) and diluted in 3ml of 100 mM Li OH. Also 

SQI and YD were desorbed by Bu4NOH (200µL, 40mM) and diluted in 5 ml of 

Bu4NOH. The absorbance of the desorbed dye solutions were measured using UV

Vis spectroscopy. 

2.5.19 Sequential ultra-fast co-sensitization of YD and N719:D149 

A TEC glass device was prepared with two layers of DSL-18NRT TiO2 colloid 

sintered onto the working electrode and Pt was sintered on to the counter electrode. 

The two electrodes were then sealed together with a Surlyn gasket and the device 

photo-electrode was then dyed with YD (1.5 ml, l .2mM with 10 mM CDCA) 

followed by filling with 13 -;r electrolyte. The electrolyte was removed by passing 

I00µL of ethanol through the device and rinsing. Then 1ml of a mix ofN719:D149 

which was prepared by mixing N719 ( 1ml, lmM with 10 mM CDCA) with D149 

(1ml, 0.5 mM with 10 mM CDCA) was added followed by filling with I3-;r 

electrolyte and the I-V was measured at each dyeing step. 

2.5.20 Sensitization with the triarylamine red dye (RD) 

A TEC glass device was prepared with double layers of DSL-18NRT paste sintered 

onto the working electrode and Pt was sintered on to the counter electrode. The two 

electrodes were then sealed together with a Surlyn gasket and the device photo

electrode was then dyed with triarylamine red dye (RD) (1 ml, l .5mM with 5 mM 

CDCA) followed by filling with h -/r electrolyte and the I-V data was measured. The 

electrolyte was then removed after one day by passing 100 µL ethanol through the 

device. The dye was removed with Bu4NOH (200µL, 40mM). The absorbance of 
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desorbed dye was measured at 412 run using UV-Vis spectroscopy and the dye 

loading was determined using Beer's-Lambert Law. 

2.5.21 Sequential co-sensitization with YD, then RD, then N719 

A TEC glass device was prepared with a double layer of DSL-18NRT paste sintered 

onto the working electrode and Pt was sintered on to the counter electrode. The two 

electrodes were then sealed together with a Surlyn gasket and the device photo

electrode was then dyed with YD (1 ml, 1.2 mM with 10 mM CDCA) followed by 

filling with b-/r electrolyte. The electrolyte was removed by passing 100 µL of 

ethanol through the device and rinsing. Then RD was added (300 µL, 1.5 mM with 

10 mM CDCA) followed by re-filling with 13-;r electrolyte. Again the electrolyte 

was removed with l00µL ethanol and rinsing. N719 (1 ml, 1 mM with 10 rnM 

CDCA) was then added and the device re-filled with 13-;r electrolyte. The I-V data 

were measured at each dyeing step. The dye loadings were then removed; N719 was 

removed first with LiOH (100 µL, 100 mM) and diluted into 3ml for measuring by 

UV-vis spectroscopy. Then both YD and RD were removed by Bu4NOH (200 µL, 40 

mM). Also pictures of the device were taken after each dyeing step using a digital 

camera. 

2.5.22 Co-Sensitization with a mixed solution of four dyes (N719:D149:YD: 

SQl) 

A TEC glass device was prepared with a double layer of DSL-18NRT TiO2 colloid 

sintered onto the working electrode and Pt was sintered on to the counter electrode. 

The two electrodes were then sealed together with a Surlyn gasket and the device 

photo-electrode was then dyed with a mixed (N719:Dl49: YD: SQl solution withl0 

mM CDCA). This was prepared by mixing N719 (1 ml, 1 mM), Dl49 (1 ml, 0.5 

mM), YD (1 ml, 1.2 mM) and SQl (100 µL, 0.25 mM) solutions with 10 mM 

CDCA. After dyeing, the device was filled with 1)-;r electrolyte and the 1-V data 

were then measured. 
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2.5.23 Co-sensitization of four dyes and studies of selective removal 

A TEC glass device was prepared with two layers of DSL-18NRT TiO2 colloid 

sintered onto the working electrode and Pt was sintered on to the counter electrode. 

The two electrodes were sealed together with a Surlyn gasket and the device photo

electrode was then dyed with N719 (1 ml, 1 mM) followed by an electrolyte labelled 

Device A. The electrolyte was the removed by 100µ1 ethanol and then 200µ1 of a 

mix of three dyes D149: YD: SQl was prepared by mixing D149 (1ml, 0.5mM) with 

YD (1ml, l.2mM) and SQl (100µ1 , 0.25mM). This was added giving Device B. 

N719 was then selectively removal with LiOH (100 µl, 100 mM) giving Device C. 

Again the device was re-dyed with N719 (1 ml, 1 mM) giving Device D. The 1-V 

data were measured at each dyeing step. 

2.5.24: Co-Sensitization with a mix of D131:SQl followed by a mix of 

D149:N719 

A TEC glass device was prepared with two layers of DSL-18NRT TiO2 colloid 

sintered onto the working electrode and Pt was sintered on to the counter electrode. 

The two electrodes were then sealed together with a Surlyn gasket and the device 

photo-electrode was then dyed with a 1ml of a mixed solution of SQl :D131 which 

was prepared by mixing SQl (1 ml, 0.25 mM with l0mM CDCA) with D131 (1 ml, 

0.5 mM with 10 mM CDCA) followed by electrolyte and labelled Device A. The 

electrolyte was removed by 100 µI ethanol then added a mix of N719:D149 (1 :2) 

which was prepared by mixing N719 (1ml, lmM) with D149 (2 ml, 0.5 mM with 10 

mM CDCA) labelled Device B. 

2.6 Experiments Relating to Chapter Five (Adsorption kinetics) 

The kinetics of two types of dyeing technique were studied. The kinetics of dye 

adsorption on TiO2 films by passive dyeing technique and the kinetics of dye 

adsorption on photo-electrodes by ultra-fast dyeing. 
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2.6.1 Adsorption kinetics by passive dyeing 

2.6.1.1 Effect of contact time 

Batch experiment was carried out by using a several TiO2 films (0.5 x 1cm) which 

were prepared using two layers of TiO2 colloid sintered at 450 °C for 30 minutes. 

The films were placed in a container containing 1.2 mM of YD, at room temperature, 

and the time was measured using a stop watch. Films were removed at fixed intervals 

(10, 20, 30, ...... , 1440) minutes. Desorption was carried by immersing each TiO2 film 

loaded with YD in Bu4NOH (10 ml, 40 mM). The absorbance was then measured for 

each desorbed dye solution using UV-vis spectroscopy. 

2.6.1.2: Adsorption kinetics by ultra-fast dyeing 

In general, the adsorption kinetics by ultra-fast dyeing were measured on devices 

containing two holes in the counter electrode. The dye solution was passed through 

the cell from one hole and collected from another hole for fixed time intervals. After 

adding dye solution for a measured time, the cell was cleaned by 1 00µL ethanol 

followed by desorption of the dye using different alkaline solutions. The absorbance 

of each desorbed dye solution was measured at Amax• 

2.6.1.3 Kinetic study for ultra-fast adsorption Yellow dye adsorbed on TiO2. 

A TEC glass device was prepared with two layers ofTiO2 DSL-l8NRT sintered onto 

the working electrode and Pt was sintered on to the counter electrode. The two 

electrodes were then sealed together. The device was pump dyed with YD (1.5 mM) 

for fixed time periods followed by adding an electrolyte before the I-V was 

measured. The electrolyte was then removal by passing l 00µ1 ethanol th.rough the 

device cavity followed by YD desorption by Bu4NOH (200 µI, 40 mM). The amount 

of desorbed dye was then measured using UV-Vis spectroscopy. After washing and 

rinsing the device the dyeing, measurement and desorption steps were repeated 

across a range of a dyeing times (1-10 minutes) to try to saturate the TiO2 with dye. 
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2.6.1.4 Kinetic study of a co-adsorbed mix of N719:YD on TiO2 films. 

A DSC device was prepared in the same manner as for the previous experiment. A 

mixed solution ofN719:YD (1:1) was prepared by mixing N719 (1 ml, 1 mM) with 

YD (1 ml, 1.2 mM). The N719:YD (1:1) v/v solution was pump dyed through the 

device for 1 minute followed by electrolyte and the 1-V was measured. The 

electrolyte was then removed by passing 100µ1 ethanol through the device. N719 

was then selectively removal by Li OH (100 µl, 100 mM) and the remaining YD was 

desorbed by Bu4NOH (200 µl, 40 mM). The amounts of desorbed dyes were 

measured separately using UV-Vis spectroscopy. The experiment was repeated with 

dyeing times ranging from 1-12 min. 

2.6.1.5 Kinetic study for mix of (5% SQl: 95%N719) on TiO2 film. 

A DSC device was prepared as the same manner as for the previous experiment. A 

mixed dye solution of(5% SQl: N719 c/c) was prepared by mixing SQl (2 ml, 0.25 

mM) with N719 (3 ml, 2 mM). A mixed of 5% SQ1:N719 solution was pump dyed 

through a device for 1 minute followed by electrolyte and the 1-V was then 

measured. The electrolyte was then removed by passing 100µ1 ethanol through the 

device. N719 was then selectively removal by Li OH (100 µl , 100 mM) and 

remaining SQl was desorbed by Bu4NOH (200 µl, 40 mM). The amounts of 

desorbed dyes were measured separately using UV-Vis spectroscopy. 
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Chapter Three - Ultra-fast selective dyeing, desorption and re-dyeing for highly 

controlled sensitization of dye sensitized solar cell photo-electrodes 

3.1 Introduction 

In this chapter, highly versatile adsorption-desorption and re-dyeing procedures will 

be described for dye sensitized solar cells which have a number of key advantages; 

for example control over dye loading, the ability for large numbers of dyes to be 

tested, faster processing and uses it low cost materials and techniques. The adsorbed 

dye plays the vital role in electron injection into the conduction band (CB) of Ti 0 2• 
1 

Anchoring groups (generally carboxylates) are responsible for dye adsorption onto 

the Ti02 surface and facilitate the injection of the excited electron into the 

conduction band of the Ti02 .
2 The carboxyl groups can interact with metal ions by 

physical adsorption via hydrogen bonding or by chemisorption on the Ti02 surface 

with a unidentate linkage, a bidentate linkage or a bridging linkage. 3 Bidentate 

adsorption has been found more favourable over monodentate for organic dyes 

(perylene chromophores) molecules on Ti02 nanocrystals. 4 The dye adsorption is 

important for enhancing DSCs perfonnance and it has been found that the quantity of 

dye adsorption and the dye adsorption equilibrium constant on Ti02 surface can 

affect the performance of DSCs. 5 

3.2 Aim of study 

The main aim of this section of the work is how to control dye loading on Ti02 

nanoparticles by re-dyeing the devices after dye desorption in DSCs. The other aim 

of this work is to find a method to study sensitizer adsorption on Ti02 without device 

damage. 

3.3 Result and discussion 

3.3.1 Molar extinction coefficient 

The molecular structures of di-tetrabutylammonium cis-bis(isothiocyanato )bis(2,2' -

bipyridyl-4,4'-dicarboxylate) ruthenium(II) complex (N719), 2-((5-carboxy-3,3-
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dimethyl-1-1-octylindolin-2-yl)methyl)-4-((1-ethyl-3,3-dimethylindolin-2-

yl)methyl)cyclobuta-1,3-diene-1,3-(olate) (SQl), 2-( (2E,5Z)-5-( ( 4-( 4-(2,2-

diphenylvinyl)-l ,2,3,3a,4,8b-hexahydrocyclopenta[b ]indol-7-yl)methylene )-

3 ',4,4' ,5-tetrahydro-2 'H,3H-[2,5' -bithiazolydine ]-3-yl)acetic acid (Dl 49) and (E)-4-

( 4-( diphenylamino )styryl)benzoic acid (YD) are shown in Figure 3.1 

COOTS 

HOOC 

~ 
----------1 .. NCS 

HOOC 

/ t ' N CS 

I 
OOTBA 

N719 

COOH 

N 

OD 
YD 

SQl 

D149 

Figure 3.1: Molecular structures ofN719, SQl, YD and D149 

For this study, we used four dyes from different families; Ru-(bipyridyl) complex 

dyes (e.g. N719) which are efficient DSC dyes, the organic dye SQl which absorbs 

light towards the NIR region, the D 149 indoline dye which is a high efficiency 

organic dye and YD-a novel dye. Figure 3.2 show the UV-Vis spectrum for each of 

these dyes in different solvents. Figure 3.2a shows the maximum absorption of (0.05 

mM) N719 in tert-Butanol:Acetonitrile (1:1) at 532 nm. The maximum absorption of 

(0.01 mM) SQl in ethanol is at 636 nm as shown in Figure 3.2b, and the maximum 
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absorption of (0.25 mM) YD in ethanol at 380 nm is shown in Figure 3.2c. Figure 

3.2d shows the maximum absorption of (0.25 mM) Dl49 in tert-Butanol:Acetonitrile 

(1 :1) at 532 nm. Stock solutions of these dyes were used (100 mg.L-1 of N719, 10 

mg.L-1 of SQl, 50 mg.L-1 of D149 and 50 mg.L-1 YD) to prepare standard dye 

solutions whose concentrations were determined by dilution. Then the absorbance of 

standard dye solutions for each dye at given wavelength were determined using a 

UV-visible spectrophotometer. A calibration curve for each dye was prepared by 

plotting the absorbances of known concentration versus concentration are shown in 

Figures 3.3a-f. The molar extinction coefficients of N719, SQl, D149 and the 

yellow triphenylamine dye (YD) were detennined from the calibration curve for each 

dye giving a slope equal to the molar extinction coefficient (C:). The data were then 

compared with the molar extinction coefficients of these dyes in the literature, as 

shown in Table 3 .1 These molar extinction coefficients were then used along with 

the Beer - Lambert equation to measure dye loading on the TiO2 photo-electrodes. 
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Figure 3.2: UV-Vis spectra for (a) 0.05 rnM N719 in ethanol, (b) 0.01 rnM SQl in 

ethanol, (c) 0.25 rnM YD in ethanol and (d) 0.25 mM D149 in tert

butanol:acetonitrile (1: 1 ). 
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Figure 3.3 : Calibration curve data of absorbance versus concentration for ( a) N719 

dye in ethanol at 532 nm. (b) SQl dye in ethanol at 636 run. (c) N719 in tert-butanol 

ammonium hydroxide solution at 512 nm and at 636 nm. (d) N719 dye in 0.1 molar 

ofLiOH at 504 nm and 636 nm. (e) YD dye in ethanol at 384 run. (f) Dl49 dye in 

tert-butanol: acetonitrile (1: 1) at 532 nm. 
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Table 3.1: The experimental molar extinction coefficient of the dyes used in this 

chapter. 

This work 

£/ Lit.£/ 

Dye Solvent Amaxlnm M-1 -1 .cm M-1 -1 .cm Ref. 

N719 Ethanol 532 13300 ±300 14000 6 

N719 Bu4NOH(0.04M) 512 10900 ±100 

N719 Bu4NOH (0.04M) 636 950 ± 200 

N719 LiOH (0.lM) 504 9500 ± 500 

SQl Ethanol 636 1569001±150 158500 7 

D149 t-BuOH:MeCN 526 77600 ±200 68700 8 

YD Ethanol 384 32300 ± 200 32300 9 

The data show the extinction coefficients of these organic dyes are higher than the 

molar extinction coefficient of Ru-(bipy) dye N719, which is also blue-shifted in 

alkaline medium. The blue shift of 15 nm is due to an increasing solvent polarity 

which leads to n- 1t* being shifted to shorter wavelengths (blue shift). 10 The reason 

due to the distraction of double bonds which decrease the extent of delocalization of 

the electronic system concerned, hence shifting the frequency of light absorbed 

toward the UV region. 11 The molar extinction coefficient of N719 in 0.04 M of tert

butanol ammonium hydroxide at 512 nm was ~11,000 M-1cm-1 and in 0.1 mM LiOH 

at 504 nm was found to be ~ 10,000 M-1 .cm-1• The molar extinction coefficient of 

N719 was believed to decrease because of the phenomenon of solvatochromism 

which is the cumulative effect of all solvent-solute interactions. 12 The c. of N719 in 

0.04 M Bu4NOH at 636 nm also was found to be ~1000 M-1cm-1
• This was 

calculated to reduce the error for calculation of SQ 1 in mixed N719: SQ 1 solutions 

because the UV-Vis spectrum of N719 overlaps with SQl spectra at 636 nm as 

shown the UV-Vis spectrum in Figure 3 .4. The molar extinction coefficient for the 

organic dyes SQl in ethanol at 636 nm, D149 in tert-Butanol: Acetonitrile (1:1) at 

532 nm and YD in ethanol 384 nm were measured to be 156, 900, 77,600 and 32,300 
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M-1 cm-1 respectively. The results show the molar extinction coefficients of all used 

organic dyes are higher than N719. 

2.5 

2 

0 
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- SQl 
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t 
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\ 

500 600 700 
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Figure 3.4: UV-Vis spectra for 0.1 mM N719 in tert-butanol:acetonitrile(l :1) and 

0.05 mM SQl in ethanol shows N719 spectrum overlaps with SQl spectrum at 636 

nm. 

3.3.2 Adsorption isotherms 

Dye adsorption isotherms were measured for N719 and SQ 1 and the data were 

analyzed using two common models (Langmuir and Freundlich isothenns) to 

describe the adsorption characteristics. 13 The amount of dye loadings for each of 

N719 and SQl on the TiO2 surface were calculated by desorption in alkali solution. 

Here the dyes were desorbed by Bu4NOH (5 ml, 40 mM) from the surfaces of the 

TiO2 films. The concentrations at equilibrium and the amounts of dye adsorption on 

TiO2 surface were calculated by dye desorption and the data are summarized in 

Table 3.2. The amount of adsorbed dye on the TiO2 surface was calculated by 

Equation 3 .1. 

3.1 

Where Qe the amount of adsorbed dye (mg.cm-2
), Ce equilibrium concentration of 

adsorbed dye (µg.mr 1
), V volume of alkaline used for desorption (ml) and A is the 
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surface area of TiO2 film. The Langmuir and Freundlich isotherms are valid in 

describing the adsorption behaviour either as chemisorptions of a monolayer of 

adsorbed molecules on an adsorbent surface or of the physisorption for multi-layers 

of dye molecules on a TiO2 surface. 14 Figure 3.5a and Figure 3.5b show the 

adsorption isotherms of N719 and SQl, respectively. The isotherm shape was 

obtained by plotting the amount of adsorbed dye per 1 cm2 of TiO2 film versus the 

dye concentrations at equilibrium at room temperature. The adsorption isotherm 

shape of N7 l 9 is L-type according Giles' s classification of isotherm systems which 

is indicative of molecules adsorbed flat on a surface. 15 Figure 3.5b for the SQl the 

adsorption isotherm shows an S-shape which, according Giles's classification of 

isotherms, is indicative of vertical orientation of adsorbed molecules at the surface. 

The results in Tables 3.2 and 3.3 show the data for the different adsorption isotherms 

for N719 and SQl onto TiO2. The reason for the different adsorption behaviour is 

due to the variety of adsorption configurations of dye molecules. 16 For example, 

N719 has two anchoring groups with a octahedral shape of ligands about a Ru central 

atom and is bigger than SQl which has a linear shape and includes only one anchor 

group. 
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Table 3.2: Adsorption isotherm data for the adsorption of various concentration of 

N719 dye on TiO2 films (0.5 x 2 cm) at 24 hours. 

Ci / mg.L- Ce / mg.L- Qe /mg.cm- Log Ce LogQe Ce/Qe 

5 3.75 0.025 0.57 -1.602 150.0 

10 7.41 0.052 0.87 -1.283 142.5 

20 15.50 0.090 1.19 -1.045 172.2 

30 24.50 0.110 1.39 -0.958 222.7 

40 32.66 0.149 1.51 -0.835 223.7 

50 41.80 0.164 1.62 -0.785 254.8 

60 50.26 0.194 1.70 -0.710 259.1 

Table 3.3: Adsorption isotherm data for the adsorption of various concentration of 

SQl dye on TiO2 films (0.5 x 2) cm at 24 hours. 

Qe /mg.cm-

Ci I mg.L-1 Ce/ mg.L-1 2 Log Ce Log Qe Ce/Qe 

0.1 0.07 0.0006 -1.154 -3.221 11.66 

0.2 0.11 0.0018 -0.795 -2.744 61.11 

0.3 0.19 0.0022 -0.657 -2.657 86.36 

0.4 0.26 0.0028 -0.585 -2.552 92.85 

0.6 0.39 0.0042 -0.408 -2.376 92.85 

0.8 0.51 0.0058 -0.292 -2.236 87.93 

1.0 0.67 0.0066 -0.1 74 -2.180 101.50 

1.2 0.85 0.0073 -0.070 -2.154 116.40 
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Figure 3.5: The variation of the amount adsorbed dye versus the equilibrium 

concentration at room temperature for the adsorption of (a) N719 and (b) SQl , on 

TiO2 films for 24 hours. 
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Linear Langmuir and Freundlich models were then plotted for both N719 and SQl 

adsorption data. The Langmuir isotherm was used in the form: 17 

1 Ce 
---+-
k1qmax qmax 

Eq. 3.2 

Where Ce is the equilibrium concentration (mgL-1), qe the amount of dye adsorbed 

(mg.cm-2) , qmax is a constant that reflects a complete monolayer coverage of the dye 

on a TiO2 surface (mg.cm-2
) and k1 is adsorption equilibrium constant that is related 

to the strength of sorption. The Langmuir isotherm plots for N719 and SQl sorption 

are given in Figures 3.6a and Figure 3.6b respectively, and the corresponding 

constants are listed in Table 3.4. The linearized Freundlich isotherm was used in 

form:1s 

Eq.3.3 

Where, n is a constant characteristic of the intensity of the dye onto the adsorbent 

and Kr is a constant indicative of the adsorption capacity related to the bond energy 

of weak Van der Waals forces. 19 The Freundlich plots for N719 and SQl sorption on 

TiO2 films are given in Figures 3.7a and 3.7b respectively, and the Freunedlich 

isotherm parameters are also listed in Table 3.4. As can be seen from the data, the 

Langmuir and Freundlich models show a closer fit with the N719 adsorption with R2 

values of 0.94 and 0.98, respectively. This indicates that the adsorption process could 

be described by these models. For N719, this assumes that adsorption takes place at 

specific homogeneous sites on the TiO2 surface with a maximum monolayer capacity 

qmax obtained as 0.372 mg.cm-2 using Langmuir model.20 The Freundlich isotherm 

parameters Kr and n indicate effective binding ofN719 molecules and TiO2 particles. 

The Freundlich isotherm fits the experimental data of the SQ 1 sorption better than 

Langmuir isotherm. The large value of Kr indicates the maximum amount of dye 

adsorption which may due multi-layer adsorption formed or the SQl aggregate on 

more heterogeneous TiO2 surface. 
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Table 3.4: Freundlich and Langmuir isotherms constants for the adsorption N719 

and SQl by TiO2 films. 

Dye Freundlich Constants Langmuir Constants 

qml 

Kr n R2 -2 mg.cm KL R2 

N719 0.01 1.324 0.9874 0.372 365 0.9399 

SQl 99.19 0.996 0.9787 0.011 4320 0.5888 

3.3.3 Investigation of desorption process. 

An initial study was carried out into dye desorption using of tetra-butyl ammonium 

hydroxide (Bu4NOH) to remove the adsorbed dye on a TiO2 surface. Normally, 

NaOH has been used to desorb dyes for the evaluation of dye uptake. 21 Also the 

pseudo first-order adsorption kinetics ofN719 dye on TiO2 has been investigated by 

desorption using aqueous NaOH solutions. 22 However, NaOH solution has some 

disadvantages in dye removal from TiO2 surfaces. Firstly, is not possible to leave the 

TiO2 film in NaOH solutions for long periods because this leads to TiO2 film 

damage. Secondly, it is less easy to remove organic dyes using NaOH. To solve this 

problem tetra-butyl ammonium hydroxide has been studied here. Initially the effect 

of varying concentrations ratio of mixing SQl :N719 while maintaining the adsorbate 

volume and the area of TiO2 film constant were studied as follows. A number of 

TiO2 films (dimension 1cm x 2cm) after sintering at 450 °C for 30 minutes were 

placed in sealed glass bottles containing a series of different ratios of SQl :N719 

(80%, 60%, 50%, 40%, 20%, 10% and 5%) labelled a-j which were prepared by 

mixing a specific volume of each dye from the stock solution (2 mM N719) and 

(0.34 mM SQl) as shown Figure 3.8. After 24 hours, the films were taken out and 

the pictures of TiO2 films a to j in Figures 3.6 show an indication of dye uptake. It 

should be noted that this was competitive adsorption from solutions containing both 

N719 and SQl. As a comparison, a reference TiO2 film is shown on the right. It can 
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be seen that the colour of films changes from blue (film a) to dark red (film j) which 

is suggests that the amount of SQI loading decreases with decreasing amount of SQI 

in the initial dye mixture. 

IJ ( I I 
Figure 3.8: Photographs ofTiO2 films (1cm x 2cm) after immersion for 24 hr in 20 

ml of various ratios ofSQ1:N719 (a) 80% SQ:N719 (b) 60% SQ1:N719 (c) 50% 

SQ1:N719 (d) 40% SQ1 :N719 (e) 20% SQ1:N719 (f) 10% SQ1:N719 (i) 5% 

SQl :N719 in ethanol and tert-butanol:acetonitrile (1: 1) solvents with a TiO2 film 

shown on the far right for comparison. 

The UV-Vis absorbances of the TiO2 films after dye adsorption were measured. 

Figure 3.9 shows the UV-Vis spectra ofTiO2 films with different dyes with peaks at 

636 nm due to SQl and 530 nm due to N719. 
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Figure 3.9: UV-Vis spectra of transparent TiO2 films showing differing amounts of 

SQ 1 and N719 adsorbed from mixed dye solutions of various ratios of% SQ 1 :N7 l 9. 

The UV-visible spectra shows both N719 and SQI were adsorbed on the TiO2 

surfaces in different ratios. To investigate the amount of each dye which is adsorbed 

on the TiO2 films, the dyes were desorbed using tetra-butyl ammonium hydroxide 

(Bu4NOH)(aq). After washing each film by ethanol to remove the dye molecules 

which were not adsorbed on the TiO2 surfaces, the TiO2 films were immersed in 5 

ml of 40mM (Bu4NOH)(aq) for 3 minutes. The dyes appeared to be completely 

desorbed from the TiO2 surfaces in 1-3 minutes. Thereafter, the absorbances were 

measured for the TiO2 films and no peaks were found due to SQl or N719. For 

instance Figure 3 .10 shows the UV-Vis spectra of a Ti 0 2 film after desorption. 
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Figure 3.10: UV-Vis spectra ofTiO2 film after desorbed 50% SQ: N719 by tetra

butyl ammonium hydroxide (5 ml, 40 mM). 

Figure 3.11: Photographs of dye solutions desorbed from TiO2 by Bu4NOH (5ml, 

40mM) from various initial dye ratios ofSQ1:N719 (a) 80% SQ: N719 (b) 60% 

SQ1 :N719 (c) 50% SQ1:N719 (d) 40% SQ1:N719 (e) 20% SQ1:N719 (f) 10% 

SQ1:N719 (j) 5% SQ1:N719. 

The desorbed dyes solution were collected in a separate vials and labelled a to j 

corresponding to the initial concentration of mixed SQl :N719 as shown in Figure 

3 .10. By comparison, Figure 3 .11 shows pictures of desorbed dye solutions. As can 

be seen clearly through the changes of colour from a to j, the amount of desorbed 

SQl decreases along with an increasing amount of desorbed N719. The absorbances 

of the desorbed dye solutions were also measured and Figure 3.12 shows the UV-Vis 

spectra of the desorbed dye solution with peaks at 636 nm due SQl and 512 run due 

to N719. The amount of dye uptake was evaluated by measuring the absorbance at 

the specific wavelengths and then using the relevant molar extinction coefficient for 

each dye and the data are summarised in Table 3.5. 
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Figure 3.12: UV-Vis Spectra of various initial ratios of (SQl :N719) after being 

desorbed by Bu4NOH (5 ml, 40 mM) from TiO2 films (1 cm x 2 cm). 

Table 3.5: The amount of desorbed N719 and SQl by tetra-butyl ammonium 

hydroxide (5ml, 40 mM) from TiO2 films (1cm x 2 cm). 

Amount of dye Amount of dye 

Initial dye cone. desorbed N719 desorbed SQl 

%CIC /µg.cm-2 /µg.cm-2 

5% SQ1:N719 161.25 ± 3 1.05 ± 1 

10% SQ1:N719 155.50 ± 5 2.23 ± 1 

20% SQ1:N719 161.87 ± 8 4.91 ± 1 

40% SQ1:N719 158.12 ± 6 8.28 ± 2 

50% SQl :N719 125.62 ± 2 10.59 ± 2 

60% SQl :N719 118.12 ± 1 12.42 ±2 

3.3.4 Ultra-fast desorption by various alkali solutions and re-dyeing with N719 

dye. 

Ultra-fast dyeing has been successfully demonstrated for reducing the dyeing time 

and the amount of dye solution required to dye DSC devices. 23 It is also known that 

the performance of DSCs is affected strongly by dye adsorption behaviour on the 
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surface ofTiO2 electrodes.24 More detail about ultra-fast dyeing will be discussed in 

Chapter four. This chapter instead focuses on desorption and re-dyeing to control dye 

loading. In this work, various alkaline solutions have been investigated for the 

selective removal of dyes adsorbed using ultra-fast dyeing along with the device re

dyeing. To the best of our knowledge, no studies have reported on evaluating dye 

uptake by ultra-fast dyeing, dye desorption and re-dyeing the device to control dye 

uptake. Table 3.6 shows the various alkaline solutions with pkb values of the bases 

that have been used for dye removal. 

Table 3.6: The values of selected base dissociation constants. 25 

Name Formula pKb value 

Potassium hydroxide KOH -0.3 

Sodium hydroxide NaOH 0.5 

Lithium hydroxide LiOH 0.2 

tetra-butylammonium hydroxide Bu4NOH 0.3 

tris-(hydoxymethy)ethylamine THAM 8.0 

In these experiments, ultra-fast dyeing of N719 (1 ml, 1 mM) on TiO2 electrodes has 

been investigated. Figure 3.13 shows the I-V data for a TiO2 device dyed with N719 

and then desorbed with various alkali solutions before re-dyeing with N719 (1 ml, 1 

mM). Figure 3.14 shows the I-V data for the TiO2 device after each step of 

desorption by different alkali solutions. The detailed photovoltaic parameters of the 

devices after sensitizing, desorbing, and re-dyeing by different alkali solutions are 

summarized in Table 3.7. Firstly, the device was ultra-fast dyed with N719 (1ml, 

lmM) Device A, giving TJ = 4.57% with CJsc =10.05 mA.cm·2, V 0c = 0.70V and FF = 

0.65) on black background, but when a white paper was placed under the device the 

I sc increased by 1 mA.cm·2, because more light was reflected by the white 

background which lead to an increase in ri of about 0.4% although the V oc and FF 

were not affected. After the N719 was removed by KOH (150 µL, 100 mM), Device 

Al , and after re-filling with 13"/I" electrolyte and washing sequentially with de

ionized water, 0.1 M HCl(aq), ethanol the device performance was re-measured and 
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the efficiency had dropped to 0.3 %. The parameters all decreased Use= 0.74 

mA.cm-2
, Yoe = 0.58 and FF= 0.54) indicating N719 removal which was observed 

clearly in Figure 3.14a and b which shows that the TiO2 film became white after 

N719 desorption. The amount of desorbed N719 was then determined by UV-Vis 

spectroscopy giving 162 µg/cm-2
• 

In the same manner as described above with the same device, the process of re

dyeing with N719 after desorption was repeated in sequence using NaOH (150 µL, 

100 mM), LiOH (150 µL, 100 mM), tetra-butyl ammonium hydroxide (200 µL, 40 

mM) and tris-(hydoxymethy)ethylamine (THMA) (300 µL, 40 mM). Figure 3.15a -

3.l 5e show the pictures of the device at each stage which indicate the process of 

desorption and re-dyeing, which may give some indication of the ability of the alkali 

solution for removing N719 from the TiO2 colour after desorption and also from the 

desorbed N719 in vials. The I-V data in Table 3. 7 show that the FF and V oc remain 

constant during the re-dyeing and desorption processes. However, the J sc from the 

first dyeing with N719 increased from 10.04 mA.cm-2 after five re-dyeing and 

desorption cycles by five different alkali solutions reaching 13.23mA.cm-2 and this 

led to an increase in efficiency from 4.9 % to 6.0 %. The reason for this may due to 

more dye molecules being adsorbed because the TiO2 surface becomes more 

activated during the washing by HClcaq), after each desorption neutralizes the surface. 

Desorption by alkali solutions were applied to gain further insight into the effect of 

adsorption behaviour on the cell perfonnances with re-dyeing the device. 
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Figure 3.13: Photocurrent density-voltage characteristics under AM 1.5 full sunlight 

(100 mW.cm-2
). The data show a device ultra-fast dyed with N719, then devices 

which have been treated with alkali shown and then re-dyed with N719. 
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Figure 3.14: Photocurrent density-voltage characteristics of various DSC devices as 

shown Figure 3.12 under AM 1.5 full sunlight (100 mW.cm·2), after N719 desorption 

by different the alkaline solution 
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Table 3.7: 1-V data of alcm2 device of TiO2 dyed with N719 and then desorbed with different alkaline solutions and re-dyed with N719. 
(A22roximate errors on devices are ± 10% of the values shown). 

Device Background ri(%2 Voc N J sc /mA.cm-2 FF 

A Dyed with N719 Black 4.6 0.70 10.05 0.65 

White 4.9 0.70 11.04 0.64 

A l Desorbed by KOH 0.3 0.58 0.74 0.55 

B Re-dyed N719 Black 5.6 0.75 11.26 0.66 

White 5.8 0.75 12.18 0.63 

Bl Desorbed by NaOH 0.3 0.57 0.80 0.58 

C Re-dyed N7 l 9 Black 5. 1 0.72 11.31 0.62 

White 5.3 0.72 12.21 0.61 

Cl Desorbed by LiOH 0.2 0.53 0.81 0.48 

D Re-dyed N719 Black 5.1 0.72 11.45 0.62 

White 5.7 0.72 12.51 0.63 

D l Dsorbed by tetra-butyl ammonium hydroxide 0.3 0.56 0.82 0.60 

E Re-dyed N719 Black 5.5 0.74 11.92 0.63 

White 5.9 0.73 13.14 0.61 

El Desorbed by tres{hydoxymethy2ethylamine {THAM2 0.3 0.57 0.99 0.58 

F Re-dyed N719 Black 5.6 0.73 12.17 0.63 

White 6.0 0.73 13.26 0.62 
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Figure 3.15: Photographs of a P25 device dyed with N719 (1 ml, 1 mM) and 

desorbed with different alkali solutions (a) dyed with N719 (1 ml, 1 mM) (b) 

desorbed by KOH (200 µL,100 mM), (c) re-dyed with N719 (d) desorbed by NaOH 

(200 µL,100 mM) (e) re-dyed with N719 (f) desorbed by LiOH (200µL,100mM), (g) 

re-dye with N719, (h) desorbed by Bu4NOH (200 µL,40 mM), (j) re-dye with N719, 

(i) desorbed by tris-(hydroxylmethyl)ethylamine (300 µL,40 mM) also showing 

desorbed dye solution. 
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3.3.5 Dark current measurement 

Dark current for a device dyed with N719 then desorbed and the re-dyed were 

studied as a comparison with DSC devices under light. Because the large surface 

area enhances dye loading of the photo-electrode leading to enhanced photon 

absorption surface defects, which act as recombination centres at the 

TiO2/dye/electrolyte interface, can significantly affect the overall DSC performance. 

Figure 3 .16 shows the I-V data for DSC device under light and Figure 3 .17 shows the 

I-V data in the dark the data are summarized in Table 3.8. This experiment was 

carried out by measuring the P25 device after filling with IJ -;r electrolyte under light 

giving Y] 0.3 % with Use= 0.61 mA.cm-2
, V0c = 0.77 V and FF = 0.64). For the same 

device, when measured in the dark, the efficiency dropped to 0.1 % and both of J sc 

and V oe was decrease to 0.28 mA.cm-2 and 0.73V respectively. After electrolyte 

removal and rinsing, the device was dyed with N719 (1 ml, 0.5 mM) giving ri 4.6 % 

with Use= 9.64 mA.cm-2, V 0c = 0.76 V and FF = 0.63) under illumination. And when 

the device was measured in the dark the ri dropped to 0.1 % and both J sc and V 0c 

decreased to 0.29 mA.cm-2 and 0.60V respectively. The device was then desorbed 

with Bu4NOH (100 µl, 40 mM) and measured under illumination and gave 0.3 % 

which is in line with the initial device TiO2 • When this measured in the dark gave ri 

of 0.1 % with decreased I sc to 0.28 mA.cm-2 and Voe to 0.58 V. The amount of dye 

loading was measured was to be 156 µg.cm-2 using UV-Vis spectroscopy. After 

electrolyte removal and rinsing, the processes were repeated in the same manner and 

the result shows an increased recombination of photo generated carriers can lead to a 

significant loss in J sc and V oc, consistent low efficiency 0.1 % in dark saturation 

current and electric field reduction at the interface of TiO2/dye/electrolyte leading to 

worsened fill factor. Suggests that the dye molecules it takes time to absorb photons, 

so it might also take time for dye molecules to transfer those excited electrons to the 

carrier molecules. 
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Table3.8: The 1-V data of 1 cm2 P25 device were measured under illuminated and 

in dark current, dyed with N719 (1ml, 0.5mM), and desorbed with Bu4NOH (100 µ1, 
40 mM) and the re-dyed with the same N719 dye solution. (Approximate errors on 

devices are± 10% of the values shown). 

Device !] (%) Voe (V) 

TiO2 only 0.3 0.77 

TIO2 in the dark 0.1 0.73 

Dyed with N719 4.6 0.76 

Dyed with N719 in the dark 0.1 0.60 

Desorbed N719 

Desorbed N719 in the dark 

Dyed N719 

Dyed N719 in the dark 

Desorbed N719 

Desorbed N719 in the dark 

Re-dyed N719 

Re-dyed N719 in the dark 

0 

0.3 0.79 

0.1 0.58 

5.0 0.76 

0.1 0.60 

0.3 0.80 

0.1 0.73 

4.8 0.75 

0.1 0.58 

- P25Ti02 

- DyedN719 

- Desorbed N7 l 9 

- Re-dyed N7 l 9 

- Desorbed N7 l 9 

- Re-dyed N7 l 9 

0.2 0.4 

Voltage/ V 

Amount of 
desorbed 

J SC N719 
/mA.cm-2 FF /~g.cm-2 

0.61 0.64 

0.28 0.66 

9.64 0.63 

0.29 0.70 

0.62 0.64 156 

0.28 0.72 

9.58 0.62 

0.29 0.71 

0.60 0.65 174 

0.28 0.66 

9.75 0.59 

0.28 0.72 161 

0.6 0.8 

Figure3.16: 1-V data were measured under one sun light (1.5 AM) for 1 cm2 P25 

device dyed with N719 (1 ml, 0.5 mM) desorbed with Bu4NOH (100 µL, 40 mM) 

then ere-dyed with same N719 dye solution. 
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Figure 3.17: 1-V data were measured in dark of 1 cm2 P25 device dyed with N719 (1 

ml, 0.5 mM) desorbed with Bu4NOH (100 µl, 40 mM) then re-dyed with same N719 

dye solution. 

3.3.6 Device errors 

Through this work the errors have been estimated for repeated device re-dyeing with 

N719 (1ml, 2.8 mM) and the data are listed in Table 3.9. For the series of cells 

measurements of a given dye quantity (x) were used to calculate the mean (X), and 

the standard deviation CJx , The mean is defined as;26 

N 
- 1~ 
X= NLXj 

i= l 

Eq. 3.4 

Where Xi is the result of the ith measurement and N is the number of measurements. 

The standard deviation is given by 

1 

cr, = ( ~ t, (x; - X)2 
)' 

Then the standard deviation of the the mean is 

(Jx 
(J- =-

x -JN 
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Eq. 3.5 

Eq. 3.6 



Table 3.9: The 1-V data of P25 devices dyed with N719 (1 ml, 2.8 mM) desorbed by 
Bu4 NOH (200 µl , 40 mM) and re-dyed with the same N719 dye solution. 

Device !] {%) Y oe (V) l sc /mA.cm-2 FF 
a 3.7 0.72 10.38 0.40 
b 5.3 0.77 8.64 0.62 
C 4.6 0.76 8.96 0.54 
d 4.1 0.78 7.06 0.63 
e 4.1 0.75 8.57 0.64 
f 5.1 0.79 8.04 0.64 
g 4.8 0.76 8.14 0.58 
h 5.4 0.73 9.07 0.66 

Average 4.64 0.76 8.61 0.59 
SD 0.58 0.02 0.90 0.09 
Error 4.6 ± 0.5 0.76 ±0.03 8.61 ± 0.3 0.59 ± 0.03 

3.3.5 Desorption from the device by Bu4NOH 

Tetra-butyl ammonium hydroxide is strong base that is used often under phase

transfer conditions to effect alkylations and deprotonations. 27 In addition dyes 

neutralized by Bu4NOH should give lipophilic salts of the conjugate base. The early 

experiments suggested that Bu4NOH is a suitable alkali to desorb both Ru complexes 

and organic dyes from the DSCs devices dyed using the ultra-fast method. To further 

test this, the desorption of various dyes using Bu4NOH was studied. 

3.3.5.1 Desorbing and Re-dyeing the Ru-bipyridyl (N719) 
Table 3.10 shows the photovoltaic parameters of a device dyed with Ru-bipy dye 

N719 (1 ml, 2.8 mM) for 10 min at flow rate 100 µL min the device giving 17 of 4.5 

% with (J sc = 11.06 mA.cm-2
, V oc = 0. 78V and FF = 0.52); typical for a 0.95 cm2 

TiO2 photo-electrode. N719 was then desorbed by pumping Bu4NOH (200µL, 

40mM) through the device cavity followed by rinsing and re-filling with 13·;r 

electrolyte giving 17 of 0.3% in line with N719 removal (Device Al). After 

electrolyte removal and rinsing, the device was re-dyed with N719 (Device Al-R), 

showing similar performance to the first dyeing. Again the N719 was removed by 

Bu4NOH (200 µL, 40 mM) in the same manner, (Device A2) giving 11 0.4% slightly 

higher than the first desorption which might suggest the amount of Bu4NOH was not 
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enough to remove N719 completely. The processes of the dyeing desorption and re

dyeing can be clarified by the pictures of the device for each step. Figure 3 .18 shows 

four pictures of the device. Fig 3. l 8a represents the device before dyeing, with a 

white TiO2 film. After the device was dyed with N719, (Fig 3.18b) a dark purple 

colour covered the TiO2 . When N719 was removed by Bu4NOH the device colour 

changed to white, indicating the ability of Bu4NOH to desorb N719. When an 

electrolyte was added for photovoltaic measurement (Fig 3.18c) the device shows the 

yellow colour of h. Finally, after electrolyte removal, the device was re-dyed with 

N719 (Fig 3.18d) again the dark purple indicating adsorption ofN719. 

Table 3.10: Photovoltaic parameters for a 0.95 cm2 TiO2 device dyed, desorbed 

using Bu4NOH (200 µL, 40 mM) and re-dyed using with N719 (1 ml, 2.8 mM). 

(Approximate errors on devices are± 10% of the values shown). 

J SC / 

Device 11 (%) Voe (V) mA.cm-2 FF 

A Dyed with N719 4.5 0.78 11.06 0.50 

Al After desorption 0.3 0.58 0.95 0.64 

Al -R Re-dyed with N719 4.5 0.77 10.96 0.53 

A2 After desorption 0.4 0.60 0.98 0.65 
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(a) (b) 

(c) (d) 

Figure 3.18: Photographs of a TiO2 device (2x0.5 cm) showing the dyeing, 

desorption and re-dyeing cycle using the Ru-bipy dye N719 (a) the device before 

dyeing (b) dyed with N719 (c) added an electrolyte after dye removal by Bu4NOH 

(d) Re-dyed with N719 

3.3.5.2 Re-dyeing the Ru-terpyridyl Dye - "Black dye" 
The re-dyeing by Bu4NOH was tested with another Ru complex dye (black dye) that 

has three carboxyls as anchoring groups as shown the chemical structure in Figure 

3.19. 

Figure 3.19: Chemical structure of tris-isothiocyanato-(2,2' :6' ,6" -terpyridyl-

4,4 ' ,4 ' ' -tricarboxylato )ruthenium(II) tris(tetra-butylammonium) (black dye) 
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Table 3.11 shows the I-V data of a device dyed and re-dyed with black dye after 

desorption with Bu4NOH. Device B for a 1 cm2 TiO2 photo-electrode was pump 

dyed with Ru-terpyridyl "black dye " (1ml, 0.28 mM) for 10 min at a flow rate 

I00µL/min giving 11 of2.2% and (Jse = 5.08 mA.cm-2
, Voe= 0.66 V and FF= 0.65). 

The dye was then desorbed (Device Bl) by pumping Bu4NOH (200µL, 40mM) 

through the device cavity followed by rinsing and re-filling with h-/r electrolyte 

giving 11 of 0.3% in line with black dye removal. The device was then re-dyed with 

"black dye" (Device Bl-R) showing similar performance to the first dyeing. This 

process was repeated with dye removal (Device B2) and with re-dyeing Device B2-R 

giving 11 2% which is slightly less than the first dyeing which may be due to the fill 

factor dropping slightly. The observation of colours on the TiO2 photo-electrode also 

gives an indication of dye adsorption and desorption. Figure 3.20 shows the pictures 

of the device (a) before dye adsorption showing the white colour of Ti 0 2 . When the 

black dye was adsorbed on TiO2 surface the colour changes to teal colour (Fig 

3.17b). After dye removal, the white colour of the TiO2 appears again. Fig 3.17c also 

shows a faint yellow due to h electrolyte. The 1-V data and pictures show the ability 

of Bu4NOH to remove Ru-terpyridyl "black dye " 

Table 3.11: Photovoltaic parameters for 1 cm2 TiO2 device dyed, desorbed and re

dyed with Ru-terpyridyl "black dye" (1 ml, 0.28 mM). Desorbed was by Bu4NOH 

(200 µL, 40 mM). (Approximate errors on devices are ± 10% of the values shown). 

Device 11 (%) V oe (V) Jse /mA.cm- FF 

B Dyed with black dye 2.2 0.66 5.08 0.65 

Bl Desorbed by Bu4NOH 0.3 0.57 0.74 0.63 

Bl-R Re-dyed with black dye 2.2 0.68 5.23 0.62 

B2 Desorbed by Bu4NOH 0.2 0.56 0.74 0.57 

B2-R Re-dyed with black dye 2.0 0.66 4.99 0.61 
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(a) (b) 

(c) (d) 

Figure 3.20: Photographs of device (2x0.5 cm) showing the dyeing, desorption and 

re-dyeing cycle using the Ru-terpyridyl dye "Black dye" (a) the device before dyeing 

(b) dyed with black dye (c) after adding an electrolyte after dye removal by Bu4NOH 

and (d) re-dyed with black dye. 

3.3.5.3 Re-dyeing with an organic dye 
The re-dyeing procedure was then tested with an organic dye and the data are 

summarized in Table 3.12. Device C was pump dyed with SQI (500 µL, 0.28 mM) 

for 10 min giving Tl of 1.3%. SQl was then desorbed by pumping Bu4NOH (200 µL, 

40 mM) through the device cavity followed rinsing and re-filling with 13-;r 

electrolyte giving 0.3% (Device Bl). After electrolyte removal and rinsing, the 

device was re-dyed with SQI. The resulting device B1-R shows a higher efficiency 

than first dyeing T] of 1.7 % due to an increase in I sc = 4.54 mA.cm-2 with constant 

V oc = 0.64V. However, the fill factor dropped to 0.57 which may due to some factors 

such as the crocodile clip connection with the device, on the silver paste on each 

electrode or may be the platinium of counter electrode was influenced by alkali or 

acid solutions during the device processing. Figure 3.21 shows the photographs of 

the adsorption and desorption processes for SQI. Fig 3.21a shows a white colour of 

the device before dye adsorption. The organic dye SQl has one carboxylic group 

attached directly to the chromophore as shown the structure in Figure 3.1. After the 
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SQl dye (blue) was pumped through the device the TiO2 photo-electrode changes to 

blue colour (Fig 3 .21 b) which indicates adsorbed dye molecules on the TiO2 surface. 

When the dye was desorbed by pumping Bu4NOH (200 µL, 40 m.M) through the 

device cavity the white colour of TiO 2 re-appears, while the 13-;r electrolyte changed 

the colour to pale yellow (Fig 3.21c). The device was then re-dyed with SQI after 

washing and rinsing (Fig 3.21d) and again the TiO2 film became blue colour as result 

of adsorbed SQI molecules. These data show the ability of Bu4NOH to desorb the 

organic dye SQl without damaging the internal components of the device so 

allowing re-dyeing to take place. 

(a) (b) 

(c) (d) 

Figure 3.21: Photographs ofTiO2 devices (2x0.5 cm) showing the dyeing, 

desorption and re-dyeing cycle using the NIR dye SQl (a) the device before dyeing 

(b) dyed with SQl (c) after adding an electrolyte after dye removal by Bu4NOH and 

(d) re-dyed with SQl. 

104 



Table 3.12: Photovoltaic parameters for a 0.86 cm2 P25 device dyed and re-dyed 

with the squaraine dye SQl (500 µL, 0.28 mM) Desorption was by Bu4NOH 

(200µL, 40mM). (Approximate errors on devices are± 10% of the values shown). 

Device 

C 

Cl 

Cl-R 

dyed with SQl 

desorbed by Bu4NOH 

re-dyed with SQl 

1.3 

0.3 

1.7 

3.3.5.4 Re-dyeing the organic dye D149 

V oc (V) J sclmA.cm-2 

0.64 3.03 

0.64 

0.64 

0.78 

4.54 

FF 

0.68 

0.60 

0.57 

The re-dyeing procedure has been tested with another type of organic dye, the 

indoline D149 dye which has light absorption at the same wavelengths as N719. 

Table 3.13 shows the photovoltaic parameters of the device dyed and re-dyed with 

D149 (1ml, 0.5mM) after being desorbed by Bu4NOH. To do this, first the device 

was pump dyed with indoline dye D149 (1 ml, 0.5 mM) for 10 min at a flow rate of 

1 00µL/min giving 11 of 4 .0 % (Device D). The D 149 was then desorbed by pumping 

Bu4NOH (0.5 ml, 40 mM) through the device cavity followed by rinsing and re

filling with l3-/r electrolyte giving 11 of 0.4% (Device Dl) which is slightly higher 

than the 0.3% measured for other blank devices which might indicate a small amount 

of D149 still on TiO2 surface which might indicate that a more concentrated solution 

of Bu4NOH is needed to remove all dye molecules. After washing and rinsing, the 

device was then re-dyed with D149 (Dl-R). The efficiency dropped to 3.5% with the 

same I sc =10.62 mA.cm-2 and Voe= 0.75V but, the fill factor had decreased which 

may due to the connection of the device or the counter electrode being affected by 

the desorber solution. Figure 3.22 shows photographs during the processes. When the 

device was dyed with D149 the colour changes from white (Fig 3.22a) to dark violet 

(Fig 3.22b) because of adsorbed D149 on TiO2. The dye was taken off by Bu4NOH 

(Fig 3.22c) which shows a yellow colour of TiO2 because of the electrolyte added for 

the device. Finally, the device was re-dyed with D149 (Fig 3.22d) and again the 

device changed to dark violet. The 1-V data and photographs show the ability of 

Bu4NOH to remove dye (in this case D149) without damaging the device 

components allowing for re-dyeing. 
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Table 3.13: Photovoltaic parameters for a 1 cm2 P25 device dyed and re-dyed with 

indoline dye D149 (1 ml, 0.5 mM). Desorption was by Bu4NOH (500 µL, 40 mM). 

(Approximate errors on devices are± 10% of the values shown). 

Device TJ (%) Voe (V) J5c/mA.cm- FF 

D Dyed with D149 4.0 0.76 10.67 0.50 

D1 Desorbed by Bu4NOH 0.4 0.61 1.11 0.65 

D1-R Re-dyed with D 149 3.3 0.75 10.62 0.44 

(a) (b) 

(c) (d) 

Figure 3.22: Photographs of a TiO2 device (2 x 0.5 cm) showing a dyeing, 

desorption and re-dyeing cycle using the organic dye Dl49 (a) the device before 

dyeing (b) dyed with D149 (c) after adding an electrolyte after dye removal by 

Bu4NOH and (d) Re-dyed with D149. 

The data in Tables 3.10-3.13 show that Bu4NOH could be a favourable alkali to 

desorb both Ru-complexes and organic dyes, without any detrimental effectes on the 

device performance which could then lead to successful re-dyeing of DSC devices. 
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3.3.5.5 Re-dyeing with different dyes 
Changing the adsorbed dye in the same device has also been studied to see if it is 

possible to change the spectral response of the same device. To test this, Device E 

was pump dyed with SQl (1 ml, 0.28 mM) for 10 min giving 11 of 1.6% (Table 3.14). 

The organic dye SQl was then desorbed by pumping Bu4NOH (200 µl, 40 mM) 

through the device cavity followed by rinsing and neutralizing the photo-electrode by 

50 µL HCl (0.1 M). After re-dyeing with N719 (1 ml, 2.8 mM) giving Device El-R, 

the efficiency had increased to 4.0 % with a big increase in J sc to over 9.79 mA.cm-2 

along with increased in Yoe to 0.77V. These data show it is possible to replace SQl 

from the device by N7 l 9 without any negative influence on the device performance. 

Table 3.14 1-V data for 1.0 cm2 P25 devices first dyed with SQl (1 ml, 0.28 mM) 

and then re-dyed with N719 (1 ml, 2.8 mM). (Approximate errors on devices are ± 

10% of the values shown). 

Sample Dye V oc (V) J sc /mA cm-2 FF 

E SQl 1.6 0.65 3.70 0.68 

El-R N719 4.0 0.77 9.79 0.53 

The procedure was also tested by dyeing with N719 first. Device F was pump dyed 

with N719 (1 ml, 2.8 mM) for 10 min giving 11 of 4.4% (Table 3.15). N719 was then 

desorbed by pumping Bu4NOH (200 µl, 40 mM) through the device cavity followed 

by rinsing and neutralizing the photo-electrode by 50µL HCl (0.1 M). The device 

was then re-dyed with SQl (1 ml, 0.28 mM) giving Device Fl -R where the 

efficiency had dropped to 1.9 % which is in line with SQl performance. The data in 

Tables 3.12 and 3.13 shows that one adsorbed dye could be replaced with a different 

dye in the same device. 
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Table 3.15: 1-V data for 0.95 cm-2 P25 device first dyed with N719 (1 ml, 2.8 mM) 

and then re-dyed with SQl (1 ml, 0.28 mM) after desorption by Bu4NOH (200 µl, 40 

mM). (Approximate errors on devices are± 10% of the values shown). 

Sample Dye Voe (V) Isc mA cm-2 FF 

F N719 4.4 0.79 11.05 0.50 

Fl-R SQl 1.9 0.64 4.61 0.64 

3.3.5.6 Dyeing, Desorbing and re-dyeing of multiple dyes 
Removing multiple dyes from a co-sensitized device with a mixed SQl :N719 has 

also been studied. For this purpose, a solution of SQl :N719 was prepared to give an 

overall molar ratio 3%: 97%. The dye solution was pump dyed through a 1 cm2 TiO2 

photo- electrode for 10 min (Device G) giving 11 of 5.0 % (Table 3.16). The 

SQl :N719 dyes were then desorbed by pumping Bu4NOH (200 µl, 40 mM) through 

the device cavity (Device Gl) followed by rinsing and re-filling with h-/r electrolyte 

giving 11 = 0.3 %. The desorbed amount of each dye was measured to be 202µg.cm-2 

for N719 with 1 µg.cm-2 for SQl by UV-Vis spectroscopy. After the electrolyte was 

removed and the cavity rinsed, the device was re-dyed with the same mixed dye 

solution (Device G 1-R) giving similar device perfonnance to the initial dyeing. 

However, the amount of dye desorbed was higher after re-dyeing which might be due 

to the activation of TiO2 particles by washing and neutralizing with hydrochloric 

acid. Figure 3.23 shows photographs of the dyeing and desorption processes. Fig 

3.23a shows a white of TiO2 device before adsorption whilst Fig 3.23b shows the 

device after pump dyeing SQl :N719 showing the TiO2 film changes to dark red 

because the TiO2 surface becomes covered by N719 and SQl molecules. Because of 

the small amount of SQl adsorbed, it is difficult to see the SQl colour from the 

picture. After dye removal, the colour changes to white (Fig 3.23c) while the Ii 

electrolyte in the device gives a pale yellow colour. Finally, when the device was re

dyed with 3% SQl :N719 the device colour becomes dark red again as shown in (Fig 

3.23d). 
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Table 3.16: 1-V data for a lcm2 P25 device dyed and then re-dyed with 3% 

SQ1:N719. Desorption was by Bu4NOH (200 µl, 40 mM). (Approximate errors on 

devices are± 10% of the values shown). 

Desorbed Desorbed 
Yoe ] SC 

Device 17(%) 
/mA.cm-2 

FF N719 SQl 
(V) 

-2 µg.cm-2 µg.cm 

G 
Dyed with 

3%SQ1:N719 5.0 0.78 10.23 0.63 202 1 

Gl 
Desorb by 

Bu4NOH 0.3 0.59 0.78 0.63 

Gl-R 
Re-dyed with 

3% SQ1 :N719 5.0 0.8 10.33 0.61 240 1 

(a) (b) 

(c) (d) 

Figure 3.23: Photographs of front of a P25 device (2x0.5 cm) showing the dyeing, 

desorption and re-dyeing cycle for a co-sensitized device using a dye mixture of 3% 

SQl: N719 (a) the device before dyeing (b) dyed with 3% SQl :N719 (c) after adding 

an electrolyte after dye removal by Bu4NOH (d) Re-dyed with 3% SQl :N719. 
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3.3.6 Effect of Bu4NOH concentration on dye desorption 

The influence of Bu4NOH concentrations on dye removal from TiO2 photo 

electrodes has also been investigated to study whether lower concentrations of 

Bu4NOH can partially remove adsorbed dye. To test this, the volume of alkali was 

fixed (100 µl) and the Bu4NOH concentration was varied and the same photo

electrode was dyed, desorbed and re-dyed. Figure 3.24 shows the 1-V curves for a 

device after dyeing and desorption steps in normal illumination and on a white 

background to study the effects of dye removal on device performance. 
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Figure 3.24: Photocurrent density-voltage characteristics under AM 1.5 full sunlight 

(100 mW.cm-2
), after desorption by various concentration ofBu4NOH solution. 

The data are summarized in Table 3.17. Device A was pump dyed with N719 (1 ml, 

2.8 mM) for 10 min giving 11 of 4.9 % under normal illumination (AM 1.5). The 

device was then desorbed by Bu4NOH (100 µL, 40 mM) giving Device A 1 which, 

after rinsing and refilling with 13 -;r electrolyte, showed the efficiency dropped to 0.3 

% with both of V 0c and J sc decreasing to 0.59 V and 0.81 mA.cm-2 respectively , 

which is in line with N719 removal. 
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Table 3.17: I-V data of a lcm2 of P25 device dyed and re-dyed with N719 (1 ml, 2.8 

mM) and desorbed with different concentration of Bu4NOH at constant volume. 

(Approximate errors on devices are± 10% of the values shown). 

Device 11 (%) V oe (V) fsc /mA.cm- FF 

A Dyed with N719 4.9 0.80 12.05 0.51 

Al Desorbed by 40mM Bu4NOH 0.3 0.59 0.81 0.68 

B Re-dyed with N719 5.0 0.77 11.87 0.55 

B 1 Desorbed by 20 mM Bu4NOH 0.4 0.6 0.85 0.69 

C Re-dyed with N719 4.9 0.77 11.3 0.57 

Cl Desorbed by 10 mM Bu4NOH 0.9 0.64 2.21 0.64 

D Re-dyed with N719 4.7 0.76 11.26 0.55 

Dl Desorbed by 4 mM Bu4NOH 4.2 0.76 10.02 0.56 

E Re-dyed with N719 4.9 0.77 10.35 0.61 

The data means that all of the N719 was removed by 40 mM of Bu4NOH because 

the device gives Tl 0.3 % which in line with P25 device before dyeing. After the 

electrolyte was removed, the device was re-dyed with N719 dye solution (1 ml, 2.8 

mM) giving Device B showing a similar performance to the first dyeing. The device 

was then desorbed by Bu4NOH diluted to 20 mM giving Tl of 0.4% (Device B 1) 

which is slightly higher compared with the efficiency after the first desorption. This 

may suggest a very small amount of dye molecules still remain on the TiO2 surface. 

Again after washing and rinsing, the device was re-dyed with N719 (Device C) 

giving Tl of 4.9 %. The device was then desorbed by 10 mM of Bu4NOH giving Tl of 

0.9 % with J sc = 2.21 mA.cm-2 and V oc = 0.60 V which does indicate some 

remaining remaining N719 on TiO2 which is higher than the amount of dye than 

after the first or second desorbing. This means 10 mM of Bu4NOH was unable to 

remove all N719 dye from TiO2 surface. Again the device re-dye with N719 (Device 

D) giving 11 of 4.7 % with J5c = 11.26 mA.cm·2• The device was then desorbed by 4 

mM Bu4NOH giving 114.2 % and J5c = 10.02 mA.cm-2 which is only slight drop, due 
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to more N719 remaining on TiO2. These data show that the desorbing ofN719 from 

TiO2 surface is affected by the concentration of Bu4NOH. 

3.3.7 Effect of volume of Bu4NOH at constant concentration. 

Following an investigation of Bu4NOH concentration, a study was carried out 

varying the volume of alkali. To do this, different volumes of Bu4NOH at a constant 

concentration (4 mM) were used to remove adsorbed N719. Figure 3.25 shows the I

V curves for a device after removing N719 by different volumes of Bu4NOH and the 

photovoltaic parameters with the amount of desorbed dye are summarized in Table 

3.18. To start with, Device A in Table 3.16 was pump dyed with the Ru-bipy dye 

Nl 79 (1 ml, 2.8 mM) for 10 min giving ll of 4.6 %. The dye was then desorbed by 

1000 µL of 4 mM Bu4NOH (Device B) giving ll of 1 % with small J sc = 2.15 mA.cm-

2 and the partial removal of N719 was calculated as 132 µg.cm-2. After washing and 

rinsing, the device was re-dyed with N719 (Device C) giving slightly higher ll of 4.7 

% and J sc of 11.21 mA.cm-2 with similar V oc = 0. 78 V and FF = 0.61 compared with 

first dyeing which may due to the activation of TiO2 surface after washing and 

neutralizing by dilute hydrochloric acid. The device was then desorbed with 750 µL 

of Bu4NOH (Device D) giving ll of 1.9% which means the remaining adsorbed N719 

dye should be higher than the amount remaining on Device B. The amount of 

desorbed dye was measured as 127.5 µg.cm-2 which is lower which supports this. 

The device was re-dyed with N719 (Device E) giving ll of 5.1 %. The device was 

then desorbed by 500 µL of Bu4NOH (Device F) giving higher ll of2.7 % and higher 

J sc= 5.52 mA.cm-2 than Device D. The amount of desorbed dye was measured and 

gave 121.2 µg.cm-2 which was slightly lower than the previous desorption. Again 

after washing and rinsing, the device was re-dyed with N719 (Device G) giving ll of 

4.9% showing similar performance to the first re-dyeing. The device was then 

desorbed by 250µL of Bu4NOH (Device H) giving ll of 3% which was again higher 

than the previous desorption. The partially desorbed dye was measured and gave 

92.5 µg.cm-2. Finally, the device was re-dyed with N719 (Device I) showing a 

similar performance to the first re-dyeing. Again the device was desorbed but this 

time by l00µL of Bu4NOH (Device L) showing similar performance to the first 

dyeing. However, 71.3µg.cm-2 of N719 was desorbed by lO0µL of Bu4NOH from 

the TiO2 device. These data suggest it is possible to control of dye uptake by 

desorbing with varying volumes of a dilute concentration of Bu4NOH. 
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Table 3.18: The I-V data of 1 cm2 of P25 device dyed with N719 (1 ml, 2.8 mM) and desorbed with different volumes of 4mM Bu4NOH. 

(Approximate errors on devices are± 10% of the values shown). 

l sc /mAcm-2 
Volume of Amount of desorbed 

11(%) V oe (V) FF 
dye/µg.cm-2 

Device with N719 Bu4N OH/µL 

A First dyeing 4.6 0.78 10.10 0.59 

B Desorbed dye 1.0 0.66 2.15 0.72 1000 132.0 ± 10 

C Re-dyed 4.7 0.78 11.21 0.61 

D Desorbed dye 1.9 0.68 3.93 0.73 750 127.5 ± 15 

E Re-dyed 5.1 0.74 11.22 0.61 

F Desorbed dye 2.7 0.69 5.52 0.70 500 121.2 ± 20 

G Re-dyed 4.9 0.75 10.79 0.61 

H Desorbed dye 3.0 0.69 6.29 0.70 250 92.5 ± 12 

I Re-dyed 4.8 0.74 11.09 0.59 

L Desorbed dye 4.6 0.74 10.26 0.60 100 71.3 ± 8 
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From the data in Table 3.18 varying of volumes of Bu4NOH at fixed concentration 

was plotted with each of the amount of desorbed N719 dye (Figure 3.26a), efficiency 

(Figure 3.26b), J sc (Figure 3.26c) and V 0c (Figure 3.26d) for the device dyed with 

N719 (1 ml, 2.8 mM). The results also shows that more dye loading can be removed 

with using large amount of alkaline solution and a small amount of dye desorbed 

when using small amount of alkali solution at a fixed concentration of alkali solution. 

Both of11 and J sc decrease with increased volume ofBu4NOH at fixed concentration 

because a dye loading on TiO2 was decreased. But V oc was very slightly changed 

with the volume ofBu4NOH. 
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Figure 3.25: Photocurrent density-voltage characteristics under AM 1.5 full sunlight 

(100 mW.cm-2
), for a device dyed with N719 after desorption by different volume of 

4 mM Bu4NOH solution. 
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Figure3.26: Plot various volumes of 4 mM Bu4NOH (µL) versus (a) amount of 

desorbed dye (µg.cm-2
), (b) 11 (%) (c) l sc (m.A.cm-2

) and (d) V0 c (V) used for P25 

device dyed with N719 (1ml, 2.8 mM). 

3.3.8 Studies of partial dye removal and re-dyeing 

The next step was to study if dyes can be partially removed from a photo-electrode to 

make space for other dyes as was suggested might be possible from the previous 

data. Figure 3.27 shows the I-V data for a device dyed with N719, then partially 

removed, then SQl added and then N719 added. The photovoltaic parameters are 

summarized in Table 3.19. In detail Device H was pump dyed with N719 dye (1 ml, 

2.8 mM) giving efficiency 4.5% with parameters V oc =0. 76 V, J sc = 9 .33 m.A.cm-2 
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and FF = 0.62. N719 was then partially desorbed by Bu4NOH (100 µl, 1 mM) and 

after re-filling with 13-;r electrolyte, (Device Hl) the efficiency dropped to 3% with 

decreasing l sc to 7.58 mA.cm-2 because of a decrease in the amount of adsorbed dye 

on TiO2 surface. The amount of desorbed N719 was measured to be 80 µg.cm-2 by 

UV-Vis spectroscopy. After electrolyte removal and rinsing, SQl (1 ml, 0.28 mM) 

was added, giving Device Hl-R. The performance efficiency increased to 3.5% 

which may be due to SQl molecules adsorbing on unoccupied sites on the TiO2 

surface. N719 (300 µl , 2.8 mM) was then added (Device H2-R) giving 11 4.7% which 

is slightly higher than the first dyeing with N7 l 9 possibly because of the two dyes on 

the TiO2. The device was then desorbed by Bu4NOH (200 µl, 40 mM) and the 

amount of each dye was measured to be 159 µg.cm-2 for N719 and 13 µg.cm-2 for 

SQl by UV-Vis spectroscopy. Figure 3.28 shows the devices after each process. 

Before adsorption (Figure 3.28a) shows white TiO2. When adsorbed by N719 

(Figure 3 .28b) the colour changes to dark red. There was not a big difference in a 

device colour after partial removal of N719 (Figure 3.28c) because only small 

amount of N719 was desorbed by Bu4NOH. But when adding SQl (Figure 3.28d) 

the device shows a blue colour. Finally, when N719 was added the colour changed to 

the dark purple (Figure 3.28e) because more N719 was also adsorbed on the TiO2 

surface. 

Table 3.19: I-V data for 0.9 cm2 of P25device after partial removal ofN719 and re

dyed with SQl and then N719. (Approximate errors on devices are ± 10% of the 

values shown). 

Desorbed Desorbed 
11 J SC 

SQ/ Voc(V) 
/mA.cm-2 FF N719 

(%) 
µg.cm-2 -2 Device Process µg.cm 

H Dyed N719 4.6 0.76 9.33 0.62 

Partial N719 
3.0 0.71 7.58 0.56 80 

Hl removal 

Hl-R Added SQl 
3.5 0.71 7.85 0.67 
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Figure 3.27: Photocurrent density-voltage characteristics under AM 1.5 full sunlight 

(100 m W.cm-2
) , for a device dyed with N719 (1ml, 2.8mM) followed by partial 

removal by Bu4NOH (100µ1, lmM) and then the addition of SQl (1ml, 0.28mM) 

then N719. 

Figure 3.28: Photographs of front of P25 a device (2 x0.5 cm) showing dyeing with 

N719, partial desorption ofN719 and then re-dyeing (a) the device before dyeing (b) 
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dyed with N719 (1 ml, 1 mM) (c) partial removal ofN719 by Bu4NOH (100 µ1, 8 

mM) (d) after adding SQ1 (1 ml, 0.25 mM) and (e) Re-dyed with N719 (1 ml, 1 

mM). 

3.3.9 Study of repeated partial desorption and re-dyeing with different dyes 

The next experiment was designed to test if the dyeing, desorption and re-dyeing 

cycles could be repeated on the same device. To do this, a TiO2 device was dyed 

with N719, desorbed and re-dyed with SQl in repeated cycles as shown in Table 

3.20. Device A was dyed with Ru-bipy N719 (1 ml, 2.8 rnM) giving 11 of 5.0 % with 

parameters I sc = 10.64 mA.cm-2
, Y oe = 0.77V. The device was then desorbed by 

pumping Bu4NOH (200 µl, 40 mM) through the device cavity (Device B) giving 

0.3% which is in line with N719 removal. The amount of desorbed N719 dye was 

measured to be 185 µg.cm-2 by UV-Vis spectroscopy. After electrolyte removal and 

rinsing, the device was then re-dyed with N719 Device C giving ri of 4.5% which is 

lower than the first dyeing. However, the J sc and V oc were increased to 11.21 

mA.cm-2 and 0.79 V but the fill factor had dropped to 0.51 which may due to more 

dye molecules loading on TiO2 surface. However, it should be remembered that this 

device had not been aged which often means the fill factor increases as the 

electrolyte fills the TiO2 pores more efficiently. The dye was then partially removed 

by Bu4NOH (100 µ1 , 8 mM) giving Device D. The performance was re-measured 

and the efficiency was found to have dropped to 2.2% and J sc to 5.02 mA.cm-2 

because only a small amount of N719 was still adsorbed on the TiO2 particles. The 

amount of N719 desorbed was measured to be 116 µg.cm-2
. SQ1 (1.5 ml, 0.25 mM) 

was then added (Device E) and the ri dropped to 1.5% with decreasing J sc and V oc 

(3 .28 mA.cm-2 and 0.59 V). One possible reason for this could have been dye 

aggregation which could have lead to quenching of dye photo-excited states by 

electron transfer. 28 All dyes were desorbed using Bu4NOH (200 µl, 40 mM) and the 

device was then measured (Device F) giving 0.3 % in line with N719 and SQ1 

removal. The amount of each was measured to be 30 µg.cm-2 for N719 and 13 

µg.cm-2 for SQI by UV-Vis spectroscopy. After washing and rinsing, the device was 

then re-dyed with N719 (Device G) giving ri of 4.5 % showing similar performance 

to the first re-dyeing with N719. After removing a small amount of N719 using 

Bu4NOH (25 µl , 1 mM), Device H, the Tl had dropped to 3.8% with I sc = 8.08 
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mA.cm·2, Voe = 0.70V and FF= 0.67. The amount of partial N719 removal was 

measured as 79 µg.cm·2. After this, SQl (1 ml, 0.25 mM) was added (Device) giving 

11 of 4.0 % with an increase J sc to 9.82 mA.cm·2 but both Voe and FF dropped to 0.68 

V and 0.59 respectively. The device was then desorbed by Bu4NOH (Device J) and 

the Tl dropped to 0.3 % and the desorbed amount of each dye was measured to be 95 

µg.cm·2 for N719 and 22 µg.cm·2 for SQl. Again after washing and rinsing the 

device was re-dyed with N719 (Device K) giving 11 of 4.6% with a big increase in l sc 

(12.31 mA.cm-2
) because of the large amount ofN719 loaded on the TiO2 . N719 was 

then partially removed by Bu4NOH (50 µl , 1 mM) giving 11 of 4.0 % (Device L). The 

amount of N719 desorbed was measured giving 104 µg.cm·2. Finally, N719 (1 ml, 

2.8 mM) was added Device M giving 11 of 4. 7 % showing similar performance to the 

initial re-dyeing. The results showing that the desorbing and re-dye cycle could be 

repeatedly applied on the same device with highly control of dye uptake. Also 

N719/SQ1 data suggest that dye aggregation and dye arrangement on the surface 

may strongly affect 11 and J sc • 
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Table 3.20:I-V data for 1 cm2 of TiO2 device showing re-dyeing with SQl and N719 along with partial desorption and re-dyeing. (Approximate 

errors on devices are ± 10% of the values shown). 

Amount of Amount of 

Tl(%) Y oe (V) 
J SC I 

mA.cm-2 
FF desorbed desorbed 

Device Process N719/µg.cm-2 SQl/µg.cm-2 

A Dyed with N719 5.0 0.77 10.64 0.61 

B All dye desorbed 0.3 0.58 0.74 0.60 185 

C Re-dyed with N719 4.5 0.79 11.21 0.51 

D Partial dye removed 2.2 0.78 5.02 0.57 116 

E SQl Added 1.5 0.65 3.28 0.72 

F All dyes desorbed 0.3 0.59 0.69 0.65 30 13 

G Re-dyed with N719 4.5 0.77 11.27 0.52 

H Partial dye removed 3.8 0.70 8.08 0.67 79 

I SQlAdded 4.0 0.68 9.82 0.59 

J All dyes desorbed 0.3 0.57 0.74 0.63 95 22 

K Re-dyed with N719 4.6 0.76 12.31 0.49 

L Partial dye removed 4.0 0.70 8.72 0.66 104 

M Re-dyed with N719 4 .7 0.75 11.77 0.53 225 
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3.3.10 Studies of selective dye removal 

Following the earlier experiments showing successful dye desorption using Bu4NOH 

and re-dyeing, studies of selective dye removal were attempted using different 

desorption solutions to try to further control dye loading. 

3.3.10.1 Study of the selective removal of N719 
To start with, LiOH(aq) was studied to selectively desorb N719. Table 3.21 shows 1-V 

data measured after each dyeing and desorption step. Initially N719 (1 ml, 2.5 mM) 

was pump dyed though a 1 cm2 DSL18NRT photo-electrode cell cavity (Device A) 

giving 11 5.8 %. After the electrolyte was removed by 100 µL ethanol and rinsing, 

SQl was added (300 µ1, 0.28 mM) by pumping through the device cavity, (Device 

B) and the efficiency dropped to 5.1% with J sc decreasing from 10.7 mA.cm-2 to 9.2 

mA.cm-2
• The drop in efficiency could have been due to the aggregation of SQl, 

which may have quenched the N719 excited state. N719 was then selectively 

desorbed by LiOH (50 µL, 100 mM) pumped through the device cavity and, when 

the device was measured, (Device C) the 11 again had dropped to 0.65% which was 

due to a only small amount of SQl remaining on the surface of the TiO2 . Figure 

3.29a shows the UV-Vis spectrum for desorbed N719 by LiOH which shows two 

peaks at 504 nm and 364 nm which are due to N719 dye. The spectrum indicates that 

the desorbed solution contains only N719 and no SQl. The desorbed amount of 

N719 was measured to be 63.7~1g.cm-2
. The remaining SQl was then desorbed from 

the device by (Bu4NOH 100µ1, 4mM) and measured by UV-Vis spectroscopy giving 

a spectrum as shown in Figure 3.29b showing the maximum absorbance at 636nm 

which is due to SQ 1. The spectrum does not show any peaks for N719 confirming 

selective dye desorption. The amount of desorbed SQl was then measured to be 

11.8 µg.cm-2
• The UV-Vis spectra for both desorbed N719 and SQlare the same as 

those for the pure dyes shown in Figure 3.30. After washing and rinsing the device 

was then re-dyed with SQl (300 µl , 0.28 mM), Device D, giving 11 of 2.1 %. After 

the electrolyte was removed and the device cavity rinsed N719 (1 ml, 2.8 mM) was 

then added (Device E) and then the 11 increased to 5.2 % and J sc also increased from 

4.47 mA.cm-2 to 9.75 mA.cm-2 showing similar performance to Device B which co

sensitized with N719 and SQl. 
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Table 3.21: 1-V data of 1 cm2 DSL-18NRT dyed with N719 (1 ml, 2.8 mM) 

followed by adding SQl (300 µ1, 2.8 mM) and selective removal ofN719 by LiOH 

(100 µ1, 100 mM) and SQl desorbed by Bu4NOH (100 µl, 4 mM). (Approximate 

errors on devices are± 10% of the values shown). 

Device 11 (%) 

A Dyed with N719 5.9 

B Added 300µL SQI 5.1 

C Desorbed N719 by LiOH 0.7 

D Re-dyed with SQl 2.3 

E Added 1ml N719 5.2 

0.2 

N719in 
o.lM LiOH solution 

0 
250 450 650 

Wavelength (nm) 

(a) 

Yoe (V) 

0.78 

0.74 

0.61 

0.66 

0.73 

0.04 

::i0,03 
~ 
~ 

CJ 

io.02 
I-, 
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"' .,Q 

<0.01 

0 
450 

J SC/ 

rnA.cm-2 FF 

10.77 0.63 

9.25 0.67 

1.42 0.68 

4.47 0.71 

9.75 0.66 

SQl in 4 mM Bu4NOH 
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Figure 3.29: UVNis Spectra of selectively desorbed dye solutions (a) N719 by 

LiOH (50 µL, 0.1 M), and (b) SQl desorbed by Bu4NOH (100 µI , 4 mM). 
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Figure 3.30: UVNis Spectra of neat 0.06 mM N719 ( ..... ) in ethanol and 0.1 mM 

SQl (- ) in ethanol. 

3.3.10.2 Selective removal of N719 and re-dyeing with D149 
Selective dye removal was then tested using N719 and Dl49. Both dyes have a 

maximum light absorption at the same wavelength (Amax = 532 nm) as shown in 

Figure 3.31 which shows the UV-Vis spectrum for0.l mMN719 in ethanol and 0.25 

mM D149 in tert-butanol:acetonitrile (1:1). Figure 3.32 shows 1-V data and the 

photovoltaic parameters are summarized in Table 3.22. Device A was initially dyed 

with N719 (1ml, lmM) in 5mM CDCA for 10 min giving ri of 5.1 % with 1sc = 11.3 

mA.cm-2
, V 0 0 = 0.81 V and FF = 0.56. After electrolyte removal and rinsing, the 

N719 was partially desorbed by Bu4NOH (50 µL, 4 mM) giving Device B. The 

efficiency had dropped to 3.6 % with J50 decreasing to 10.16 mA.cm-2 presumably 

due to decreasing amount of adsorbed dye molecules on photo-electrode. The partial 

amount of desorbed N719 was measured by UV-Vis spectroscopy to be 116 µg.cm-2. 

Again after electrolyte removal and rinsing, D149 (250 µL, 0.5 mM) in 5 ml CDCA 

was added (Device C) slightly increasing ri to 3.8 % with J50 increasing to 11.82 

mM.cm-2 but V 0 0 dropping to 0.65V because the device now contained both N719 

and D 149 molecules and D 149 gives a lower V 00 than N719. 29 N719 was then 

selectively desorbed by LiOH (200 µL, 100 mM) giving Device D lowering 

efficiency to 2.9 % with decreasing J sc to 8.28 mA.cm-2 and V 00 to 0.60 V due to the 

remaining D149 on the TiO2 surface. The amount of desorbed N719 was then 

measured to be 106 µg.cm-2 as show the UV-Vis spectra in (Figure 3.33a). The 
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remaining D149 was then desorbed by Bu4NOH (300 µl , 40 mM) followed by 0.5 ml 

acetone and the D 149 desorbed was measured by UV-Vis spectroscopy (Figure 

3.33b) to be 22 µg.cm-2
• After washing and rinsing, the device re-dyeing with N719 

(1 ml, 1 mM), Device E, and the ri increased to 5.9 % which may due the activation 

of TiO2 surface leading to form a mono layer of adsorbed dye molecules. 

Table 3.22: 1-V data for 1 cm2 of TiO2 device showing selective removal ofN719 

(1ml, lmM) along with partial desorption and adding D149 (250 µl, 0.5 mM) 

selectively removed N719 by LiOH (100 µl , 100 mM). (Approximate errors on 

devices are± 10% of the values shown). 

Device T] (%) Voe (V) Jsc /mA.cm- FF 

A Dyed with N719 5.1 0.81 11.30 0.56 

B Partial dye removed 3.6 0.63 10.16 0.57 

C D149 added 3.8 0.65 11.82 0.50 

D Selective N719removal 2.9 0.60 8.27 0.58 

E Re-dyed with N719 5.9 0.80 11.70 0.51 

2.5 D149 
,, ---- -N719 

2 
I I 
I I --D149 = I I 

I I 

C: I 
I 

--- I t 1.5 I 
I = I 

~ I ..c I 
l-, 1 I 
0 I 

"' I ..c I 

< 0.5 
\ ,_, ,, 

0 
300 400 500 600 700 

Wavelength/ nm 

Figure 3.31: UV-Vis spectrum of neat 0.05 mM N719 ( .. .. ) in ethanol and 0.25 mM 

D149 (-) in tert-butanol:acetonitrile (1 :1) 
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Figure 3.32: Photocurrent density-voltage characteristics under AM 1.5 full sunlight 

(100 mW.cm-2
), for a device dyed with N719 (1ml, lmM) partial removed by 

Bu4NOH (100µ1 , lmM), after D149 (250µ1, 0.5mM) then selectively removal N719 

using Li OH ( 100 µl, 100 mM) then after N719 was added (1 ml, 1 mM). 
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Figure 3.33: UV-Vis spectra for desorbed dye solution (a) N719 desorbed by 100 

mM LiOH, and (b) D149 desorbed by Bu4NOH (200 µ l, 40 mM) followed by 

acetone and ethanol. 
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3.3.10.3 Selective removal of N719, SQl and D149 
An experiment was then designed to see if multiple dyes can be selectively desorbed 

from a photo electrode. To test this, a device was sequentially dyed with SQl, N719 

and D149 and the UV-Vis spectrum for each neat dye is shown Figure 3.34a. The 

photovoltaic parameters are summarized in Table 3.23. Device A was pump dyed 

with SQl (300 µl , 0.28 mM) giving 11 2.3% with I sc of 6.38 mA.cm-2 and Yoe 0.60V. 

After electrolyte removal with ethanol, N719 was added (500 µl, 1 mM) giving 

Device B with 11 to 4.8% with a greater photo current than Device A. This might be 

due to the co-sensitization of N719 and SQl.23 The electrolyte was removed in the 

same manner and D149 (200µ1, 0.5mM) was then added (Device C), giving 11 5.5% 

with similar J sc and V oc as Device B. Then, N719 was selectively removed using 

LiOH (100 µl , 100 mM) giving Device D, and efficiency dropped to 0.8% with a 

big decrease in J sc = 1.44 mA.cm-2 due to the remaining SQ 1 and D 149 on the TiO2 

surface. The UV-Vis spectrum of the desorbed N719 is shown in Figure 3.34b. This 

shows a spectrum similar to the UV-Vis spectrum ofN719 neat in Figure 3.34a. This 

suggests that only N719 was desorbed by LiOH. The amount of N719 was then 

measured to be 132.5µg.cm-2
. Secondly, SQl was selectively desorbed by Bu4NOH 

(100 µ1, 1 mM) giving 11 of 1.3 % with slightly increased I sc to 3.7 mA cm-2 Device 

E, which is due to remaining D149 on the TiO2 surface. The UV-Vis spectrum for 

the desorbed SQl Figure 3.25c shows a spectrum similar to the neat SQl dye as 

shown in Figure 3.32a. The amount of desorbed SQl was measured to be 1.2 µg.cm-

2. Finally, D149 was then desorbed by Bu4NOH (100 µ1, 40 mM) followed by 200µ1 

acetone, and 100 µl ethanol. The UV-Vis for the desorbed D149 was measured 

(Figure 3.34d) showing a similar UV-Vis spectrum to pure D149 as shown in Figure 

3.34a. The amount of desorbed D149 was measured to be 3.9µg.cm-2
. External 

quantum efficiency (EQE) measurements were used to study spectral response. The 

EQE spectrum of the co-sensitization of SQ 1 +N719+D 149 and after selective 

removal ofN719 and SQl are shown in Figure 3.35. The spectral response of the co

sensitization with three dyes SQl, N719 and D149 (green line) ends at about 700 nm. 

The change in EQE between 600 and 700 nm is attributed to SQl photoresponse 

with a peak EQEmax of about 20% at 640 nm and a rather broad peak that centres at 

550 run yielding a maximum EQE of 40%. The EQE for SQl +D149 is significantly 

reduced (black line) after selective removal of N719. The EQE generated below 400 

nm after all dyes were removed is a result of light absorption by the titania. Figure 
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3.36 shows photographs of the device dyed with three dyes then selective desorption 

of each dye. At first, the device dyed with SQl (Figure 3.36a) shows the blue colour 

of SQl. When N719 was added (Figure 3.36b) the device colour became dark violet. 

D149 was then added and the device became dark red (Device C). When N719 was 

removed by LiOH, the device colour appears dark blue-red (Figure 3.36d). This 

photograph also shows a vial containing a red solution of desorbed N719. Next SQl 

was selectively removed by Bu4NOH leaving a red colour of D149 on Ti 0 2 , (Figure 

3.36e) which also shows a vial containing a blue solution of SQl. Finally, D149 was 

desorbed by Bu4NOH and acetone leaving a white device of Ti 0 2 . A red solution of 

desorbed D149 was collected in a vial as shown in (Figure 3.36f). The results suggest 

that sequential selective removal of N719, SQl and D149 has been successfully 

achieved. The procedure is important for the performance of DSCs by changing 

different dyes into co-sensitization in the same device. 

Table 3.23: I-V data for a P25 TiO2device sequentially dyed with SQl (300 µl, 0.28 

mM)), N719 (500 µl, 1 mM) and D149 (200 µ l, 0.5 mM) followed by the 

sequentially selective removed N719 by LiOH (100µ1, l00mM), SQl by Bu4NOH 

(100 µl, lmM) and D149 by Bu4NOH (100 µl, 40 mM) followed by 200 µI acetone 

and 100 µI ethanol. (Approximate errors on devices are ± 10% of the values shown). 

11 (%) Yoe (V) 

Device 

A Dyed with SQl 2.3 0.60 

B N719 added 4.8 0.68 

C D149 added 5.5 0.69 

D Desorbed N719 0.8 0.78 

E Desorbed SQ 1 1.3 0.61 

F Desorbed D 149 0.3 0.57 
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Figure 3.34: UV-Vis spectra for neat (a) (0.5 mM) N719 (red), (0.2 mM) D149 

(black) and (0.1 mM) SQl (blue) dyes before adsorption, (b) N719 desorbed with 

0.lM LiOH, (c) SQl desorbed with lmM Bu4NOH, and (d) D149 desorbed D149 by 
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Figure 3.35: External quantum efficiency versus wavelength for a device containing 

SQ1+N719+D149 then after selective removal N719 and then after selectively 

removal of SQl as well as the TiO2 after the removal of all dyes. 
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Figure 3.36: Photographs of TiO2 device (2 x 0.5 cm) showing cycles of dyeing 

with SQl, then N719 and then 0149 selective removal ofN719, SQl and 0149 (a) 

dyed with SQl (300 µL, 2.8 mM), (b)dyed with N719 (500 µL, 1 mM), (c) dyed with 

D149 (200 µL, 0.5 mM), (d) N719 desorbed by LiOH (100 µL, 100 mM), (e) 

SQldesorbed by Bu4NOH (100 ~tL, 2 mM), (f) 0149 desorbed 0149 by Bu4NOH 

(200 µL, 40 mM) and 200 µL acetone. The solutions in the vials show the desorbed 

solution as follows (d) desorbed N719, (e) desorbed SQl and (f) desorbed 0149. 
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3.4 Conclusions 

In summary, the data in this chapter show a novel adsorption, desorption and re

dyeing method which can be used to control dye uptake. Mesoporous Ti02 was 

prepared and the adsorption of N719 and SQl dyes on the as-prepared Ti02 was 

studied. The equilibrium data have been analyzed using Langmuir and Freundlich 

isotherms and characteristic parameters for each isotherm have been determined. The 

Freundlich isotherm has been shown to give the best agreement for the SQl 

adsorption and the Langmuir isotherm fits better for the adsorption of N719. 

Desorption and ultra-fast re-dyeing through DSCs device has also been studied using 

different alkali solutions. Bu4NOH has been used as the best alkaline for desorbing 

both of Ru-bipyridyl and organic dyes from the Ti02 devices because of the ability 

to remove both Ru(II) complexes and organic dyes from Ti02 devices without any 

damage to the Ti02 films. The procedure was then developed to remove only partial 

amounts of dye by controlling the volume and concentration of Bu4NOH. Ultra-fast 

re-dyeing with the same dye or different dyes into the same device was then studied 

and found to be successful. A new method for the highly selective removal of 

multiple dyes N719, SQl and D149 from a photo-electrode was also studied. The 

result of this shows that there is potential to reduce the amount of dye used within a 

photo-electrode with relatively less effect on device performance with obvious 

benefits for reducing cost. The method is also very versatile enabling ultra-fast re

dyeing for a wide range of DSC dyes leading to ultra-fast multiple sensitizations of 

metal oxide photo-electrode films. Selective removal also has been concluded for co

adsorption of different dyes on Ti 0 2. 
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Chapter Four Ultra-Fast Co-sensitization 

4.1 Introduction 

The development of sensitizing dyes to broaden the spectral response from the 

visible to the near infrared region has been one of the key issues for dye sensitized 

solar cells. 1 The optimal sensitizer for solar cell application should be panchromatic; 

that is that it absorbs all the photons from the visible to the near-infrared region. 2 

DSCs based on ruthenium complexes have been preferred choice for many years. 3 

However, the problem with the ruthenium complexes is the difficulty of further 

improvement in the conversion efficiency, because of their low molar extinction 

coefficients (£ = 10,000 - 20,000 M-1 .cm-1 at 550 nm) and low spectral response in 

the near-IR region.4'
5 Several groups have studied co-sensitization with two or more 

dyes including metal-free organic dyes such as JK-2 with SQl, 6 triple dye 

sensitization using yellow merocyanin, red hemicyanine, and blue squarylium 

cyanine dyes,7 or a zinc prophyrin sensitizer (LD12) with an organic dye (CD5). 8 

The reason for using organic dyes in co-sensitization is because of their generally 

higher molar extinction coefficients which allow sufficient light absorption even with 

lower amounts of each dye. 9 Co-sensitization uses more than one dye having a broad 

absorption of visible, near-infrared and infra-red light. 10 Previous approaches for the 

co-adsorption of multiple dyes onto the DSC electrodes have achieved only limited 

success.2 For instance, slow dyeing procedures in co-sensitization have been used by 

several researchers. However, recently a new technique of ultra-fast dye sensitization 

and co-sensitization has been applied successfully in Bangor University. 11 The 

diagram of the ultra-fast technique by first sealing the photo-electrode and counter 

electrode together to create a sealed cavity around the photo-electrode and then 

pumping a dye solution through a one hole from in back of counter electrode to other 

hole was shown in chapter two. 

In this chapter, different co-sensitization methods have been studied to improve the 

photovoltaic performance of DSCs such as; 1) studying mixed dye solutions loaded 

directly on to the TiO2 2) stepwise co-sorption of different dyes 3) using selective 

dye desorption of co-sensitization in the device of DSCs. The key issue is controlling 

dye loadings using ultra-fast dyeing. 
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4.2 Aim of the study 

The aim of this study is to improve DSC performance using ultra-fast sensitization to 

sensitize titania with more than one dye in <10 minutes. Also, to develop co

sensitizing methods using selective desorption for changing the adsorbed dyes to 

help control dye loadings and spectral response. 

4.3 Results and discussion 

Co-sensitizing using multiple dyes has been shown as a promising approach to 

improve DSC performance. Many dye combinations have been trialled for 

cosensitization such as; a ruthenium complex with an organic dye, 12 metal free 

organic dye, phthalocyanine with organic dye and dye sensitization with different 

dyes in separate layers, 13 all of which have been reported to show enhanced 

photovoltaic performance relative to their individual single-dye system. This chapter 

looks at different aspects of ultra-fast co-sensitization such as the sequence of 

dyeing, and changing the dye molecule from the adsorbed site to improve cell 

performance. The ultra-fast co-sensitization by two dyes, three dyes and four dyes 

have been studied in this chapter using N719, SQl, Hf-SQ 1, D149, D131 , RD, and 

YD dyes. 

4.3.1 Co-sensitization with N719 and Hf-SQl 

The molecular structure of the organic dye 3-[(1-ethyl-1,3-dihydro-3,3-dimethyl-2H

indol-2-ylidene )methyl]-4-hydroxy-cyclobutene-1 ,2-dione otherwise known as half -

squarilium Hf-SQl dye is shown in Figure 4.1. 

O 0 

OH 

Figure 4.1: Molecular structure of Hf-SQ 1. 
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The absorption maximum of Hf-SQl is 420 nm which overlaps with the second 

absorption band of N719 at ~400 nm as shown in Figure 4.2. The I-V curves of 

sensitization of a P25 device with Hf-SQl and N719 individually and the co

sensitization of both dyes using ultra-fast dyeing are shown in Figure 4.3. The 

corresponding photo-voltaic parameters (short-circuit photocurrent density J sc 

(mAcm-2), open-circuit voltage V oc (v), fill factor (FF) and efficiency T] (%) are 

presented in Table 4.1. 
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Figure 4.2: UV-Vis Spectra for 0.1 mM N719 in tert-butanol: acetonitrile and 5 mM 

Hf-SQlin ethanol. 
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Figure 4.3: Photocurrent density-voltage characteristics under AM 1.5 full sunlight 

(100 mW.cm-2
), for a device co-sensitized with N719 (500 µl , 2.8 mM) and Hf-SQl 

(300 µl, 5 mM) desorbed and re-dyed with N719 and Hf-SQ 1. 
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Device A was initially dyed with a single dye by pumping Hf-SQl (300 µl , 5 mM) 

giving fl 2.9 % with parameters (J sc = 5.32 mA.cm-2, Voe =0.69, and FF = 0.68). The 

electrolyte was then removed by ethanol and N719 (500 µl, 2.8 mM) was then added 

to give Device B. The co-sensitization of the cell shows an increase in fl to 4.7% with 

a greater J sc than the Hf-SQl alone. The total dye were then desorbed by Bu4NOH 

(200 µl, 40 mM) and the absorbance of the solution measured Figure 4.4 shows UV

Vis spectra of the desorbed solution ofN719 and Hf-SQ 1. A blue shift was observed 

for N719 from 532 nm to 512 run, because the dye is solvatochromic, the solvent in 

which the absorbing N719 is dissolved affects the N719 peak resulting from (n---+ 

n*) transitions which are shifted to shorter wavelength (blue shift). 14 However, the 

Hf-SQl peak at 420 nm didn't show any shift. The sequence of dyeing was then 

changed so the device was first dyed with N719 (500 µl, 2.8 mM), Device C, giving 

fl of 5.1 % with the similar l sc to Device B but after adding Hf-SQl (300 µl , 5 mM) 

giving Device D the ri dropped to 4.6% and l sc decreased to 8.75 mA.cm-2. The 

change in the colour of the device illustrates the dye adsorption behaviour. Thus 

Figures 4.5a to 4.5d, show pictures of the device during the process, (a) shows the 

white TiO2 device before adsorption and when the device dyed with Hf-SQl the 

colour changes to yellow which means the TiO2 particles are covered by Hf-SQl 

molecules. N719 was then added and the colour of the device changes to dark red 

with disappearance the yellow colour of Hf-SQl (Figure 4.5c) because the layer of 

N719 molecules dominates Hf-SQl molecules. But when Hf-SQl is added to N719 

the colour of the device remains dark red (Figure 4.5f) which suggests a low loading 

of Hf-SQl relative to N719. The results show that dyeing with Hf-SQl and then 

N719 is better than using N719 then Hf-SQl for co-sensitization, which suggests that 

the order of dyeing in co-sensitization is important. 
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Table 4.1: I-V data of a P25 device sequentially sensitized with Hf-SQl (300 µI, 5 

mM) and N719 (500 µI , 2.8 mM) and after desorbing and re-dyeing with different 

dyeing sequences. (Approximate errors on devices are± 10% of the values shown). 

Device 

A 

B 

C 

D 

E 

J SC 

1J (%) Voe (V) /mAcm·2 

Dyed with 300µL Hf-SQl 

Added 500µL N719 

After total dye desorption 

Re-dyed with 500 µL N719 

After adding 300 ~L Hf-SQl 

2.5 

2 

n 
1 " I 

I 
I 
I 
I ' , , , __ ., 

Hf-SQl 

2.9 0.69 5.63 

4.7 0.72 9.66 

0.2 0.49 0.64 

5.1 0.74 9.57 

4.6 0.73 8.75 

--mix of pure Hf-SQ 1 and 
N719 

----- Hf-SQl and N719 after 
desorbed by Bu4NOH 

0 
300 400 500 600 

Wavelength /nm 
700 

FF 

0.68 

0.62 

0.41 

0.66 

0.68 

Figure 4.4: UV-Vis spectra for a mixed ofN719 (2.8 mM) and Hf-SQl(0.5 mM) 

solutions (solid line) before adsorption and solution desorbed by Bu4NOH (200 µI, 

40 mM, dashed line). 
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Figure 4.5: Photographs of a P25 device sensitized with Hf-SQl and N719 before 

and after desorption by 40 mM ofBu4NOH (a) before dyeing (b) dyed with Hf-SQl 

(300 µL, 5 mM) (c) N719 added (500 µL, 2.8 mM) (d) all dyes desorbed by 

Bu4NOH (200 µL,40 mM) (e) re-dyed with N719 (500 µl , 2.8 mM) and (f) after 

adding Hf-SQ1(300 µL,5 mM). 

4.3.2 Studies of controlling dye loading 

Controlling the dye loadings when co-sensitizing N719 with Hf-SQl has been 

studied by dye desorption and re-dyeing to study the accurate control of loading 

different dyes. Table 4.2 shows I-V data for a 1 cm2 TiO2 photo-electrode. Firstly the 

device was dyed with N719 (1 ml, 1 mM, Device A) giving TJ of 4.3 % with 

parameters Cisc= 8.6 mAcm-2, Voe = 0.79V and FF = 0.64). N719 was then partially 

removed by pumping Bu4NOH (100 µl, 2 mM) through the device cavity followed 

by re-filling h-/r electrolyte (Device B). The re-measured device gave TJ = 2.1 % 

with a decreased I sc of 4.13mA.cm-2 due only a smaller amount of N719 remaining 

on the TiO2 surface. Hf-SQl dye was then added (1 ml, 0.1 mM, Device C) to give TJ 

= 3.2% which is higher than Hf-SQl alone (which gave TJ of 2.6% in a previous 
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experiment). Device C shows improvement in cell performance as a result of co

sensitizing TiO2 with Hf-SQland a small amount of N719. All the dyes were 

removed by Bu4NOH (200 µl, 40 mM, Device D). After re-dyeing the device with 

N719 and then partial removal again by pumping Bu4NOH (200 µ1, 2 mM, Device 

F) Tl dropped to 0.8%. SQl (500 µ1 , 0.25 mM) was then added (Device G) giving 17 

of 2% similar to the efficiency for SQl alone. Again all the dyes were removed using 

Bu4NOH (200 µl, 40 mM, Device H) and 11 dropped to 0.3%. The process was then 

repeated by re-dyeing with N719 (Device I) giving Tl 4.6%. Partial N719 was then 

removed using Bu4NOH (100 µ1, 2 mM, Device J) and Tl dropped to 3%. Then a mix 

of Hf-SQI :SQI (0.5 mM: 0.24 mM in I: I volume ratio) was added Device K and 17 

slightly increased to 3.5%. The results show that the device performance by co

sensitizationTiO2 with N719 and Hf-SQI is higher than Hf-SQI alone but the device 

performance is to less than N719 alone. These dyes were chosen for co-sensitization 

because they absorb light at different wavelengths. 

Table 4.2: 1-V data of 1 cm2 P25 device dyed with N719 then co-sensitized with Hf

SQl and N719 desorbed and re-co-sensitized with N719 and Hf-SQl/SQl. 

(Approximate errors on devices are± 10% of the values shown). 

J SC 

Device 1) (%) Yoe (V) /mAcm-2 FF 
A Dyed with N719 4.3 0.79 8.60 0.64 

B Partial N719 removal 2.1 0.72 4.13 0.70 

C Re-dyed with half SQI 3.2 0.69 7.14 0.66 

D After all dyes desorbed 0.3 0.61 0.77 0.67 

E Re-dyed with N719 4.4 0.78 9.37 0.60 

F Partial N719 removal 0.8 0.64 1.78 0.69 

G SQl added 2.0 0.66 5.34 0.58 

H After all dyes desorption 0.3 0.56 0.80 0.65 

I Re-dyed with N719 4.6 0.76 9.34 0.63 

J Partial N719 removal 3.0 0.71 7.58 0.56 

K Added mix (SQI+Hf-SQl) 3.5 0.71 7.85 0.63 

L Total dyes desorption 0.3 0.58 0.85 0.65 

M Re-dyed with Hf-SQl 2.6 0.62 6.71 0.61 

N N719 added N719 4.8 0.76 9.49 0.66 
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4.3.3 Comparison between P25 and commercial TiO2 DSL-18NRT pastes 

The photo-electrodes which were used for the devices in all previous experiments 

were made from P25 paste consisting of 7 4 wt. % anatase and 24 wt.% rutile. 15 The 

P25 is less transparent compared to the commercial TiO2 DSL-18NRT paste. To test 

this, three films from each paste were prepared using one layer of Scotch tape. The 

films were then sintered at 450 °C, for 30 minutes. One film from each paste was left 

without dyeing; a second film was immersed in {1mM) N719 dye solution and the 

last one was immersed in SQl dye solution. After 24 hours the transmittance and 

absorbance were measured for each film using a UV-Vis spectrophotometer. Figures 

4.6a shows the transmittances of a P25 film as a reference, P25 dyed with N719, and 

P25 dyed with SQl and Figure 4.6(b) shows similar data for DSL-18NRT films. At 

the same time the data was considered in absorbance as shown in Figure 4.7(a) and 

Figure 4. 7(b ) . The UV-Vis spectra show more than 80% of the light at wavelength 

650 nm transmitted through DSL-18NRT, but only about 30% of the light 

transmitted through TiO2 p25 using a glass slide as a blank reference . 
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Figure 4.6: Transmittance UV-Vis spectra of (a) (solid line) only P25 film, (dotted 

line) after SQladsorbed and (dashed line) afterN719 adsorbed N719 and (b) (solid 

line) only DSL-18NRT films (dotted line) after SQl adsorbed and (dashed line) after 

N719 adsorbed. 
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Figure 4. 7: Absorbance UV-Vis spectra for ( c) ( solid line) P25 film, ( dotted line) 

after SQl adsorbed and (dashed line) after adsorbed N719. (b) (solid line) DSL-

18NRT films ( dotted line) after SQ 1 adsorbed SQ 1 and ( dashed line) after N7 l 9 

adsorbed N7 l 9. 

4.3.4 Effect of CDCA co-adsorbent on the co-sensitization of a mixture of 
SQ1:SQ2 

Chenodeoxycholic acid (CDCA) has been reported as a co-adsorbent to minimize the 

formation of molecular aggregates on the surface of TiO2 nanocrystalline films 

which also reduces dye loading. 16 This is because of the competitive process between 

dye molecules and co-adsorbent on the restricted TiO2 surface. The effect of CDCA 

as the co-adsorbent when co-sensitizing SQ 1 and SQ2 which both absorb at the same 

wavelengths at 636nm has been investigated (Table 4.3). Device A was dyed with 

1ml of a SQl :SQ2 1 :1 v/v mix (concentration of each dye was 0.34 mM) giving 11 

2.9 % with J5c = 8.44 mA.cm-2 and Voe = 0.59 v and FF = 0.58. All the dyes were 

desorbed by Bu4NOH (200 µl, 40 mM) and the device was re-dyed with the same 

SQl :SQ2 solution (Device B) giving 11 2.9% which is similar to the first device 

performance. 

To test the effect of CDCA on cell performance, Device C was pump dyed with 

SQ1:SQ2 in 5 mM CDCA giving 11 of 3% and J5c = 9.35 mA.cm-2 which are slightly 

higher than the device without 5 mM CDCA. Reasons for this could be that the 

141 



CDCA, which has a carboxyl group as shown in Figure 4.8, may fill any unoccupied 

sites on the TiO2 and reduce charge recombination and/or dye aggregation. 

Desorption of the dyes followed by re-dyeing with same mix SQl :SQ2 in 5mM 

CDCA gave 11 3% and the Isc increased to 10.49 mA.cm-2 suggesting that the TiO2 

after washing and being neutralized by dilute hydrochloric acid may have had more 

positively charged dye sites The results show that cell performance has been slightly 

improved for co-sensitization of SQl and SQ2 with CDCA solution. 

COOH 

( 
-.....: 

HOOC 
0 

CDCA SQ2 

Figure 4.8: Molecular structure of CDCA and SQ2 dye. 

Table 4.3: 1-V data of 1 ofaDSL-18NRT Device (A) dyed with SQ1:SQ2 (1:1 0.34 

mM) without CDCA, Device B dyed with mix SQl :SQ2 without CDCA, Device C 

dyed with SQl :SQ2 in 5 mM CDCA and Device Dafter desorption re-dyed with mix 

SQ 1 :SQ2 in 5 mM CDCA. (Approximate enors on devices are ± 10% of the values 

shown). 

Device 

A 

B 

C 

D 

1) (%) 

2.9 

2.9 

3.0 

3.0 

Yoe (V) 

0.59 

0.57 

0.57 

0.57 
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J sc / mA.cm-2 

8.44 

9.16 

9.35 

10.49 

FF 

0.58 

0.56 

0.57 

0.49 



4.3.5 Co-Sensitization by sequential dyeing 

The previous experiment studied a mixed dye solution. In that case, the dye 

molecules probably diffuse between the Ti02 particles and also in direct competition 

with each other. Here, sequential dyeing was studied to see if the order of dyeing is 

important. Figure 4.9 shows the 1-Y characteristics for the device dyed first with 

SQl, then partially removed and then SQ2 added. The effect of ageing the device is 

also given Table 4.4. Device A was pump dyed with SQl (500 µl , 0.34 mM) in 10 

mM CDCA giving Tl of 3 .6%. SQI was then partially removed by Bu4NOH (50 µl, 1 

mM) Device Band the ri dropped to 2.7% and l sc decreased to 6.23 mA.cm-2 because 

the dye loading was reduced. SQ2 (500 µ1, 0.34 mM) was then added giving Device 

C and the ri dropped to 2.2%. The reason may have been due to the aggregation of 

SQ2 with SQl because when dye was again partially removed by Bu4NOH (50 µl , 1 

mM) the Tl increased to 2.8% with slight increases in both of J sc to 6.78 mA.cm-2 and 

Yoe to 0.57v (Device D). The device was then sealed and measured with ageing. 

After six days the Tl reached to 3.1 % but after 40 days the Tl had dropped to 2.3% 

and l sc decreased to 5.12mA.cm-2 with consistent Yoe= 0.58v and FF = 70. 

To see the effect of the order of dying another device was dyed with SQ2 and then 

SQl in the same manner as the previous experiment. Figure 4.10 shows the 1-Y 

characteristics for the device sequence dyed with SQ2, partially removed and then 

SQl added also the aged device (Table 4.5). Device A was pump dyed with SQ2 

(500 µ1, 0.34 mM) giving 11 of 2.4 % and parameters Osc = 6.59 mA.cm-2
, Yoe =0.55 

and FF = 0.67). SQ2 was then partially removed with Bu4NOH (50 µl, 1 mM), 

Device B, and the Tl increased to 2.7% with increasing both of l sc to 7.49 mA.cm·2 

and Y oc to 0.57v possibly because of the aggregation of dye molecules was reduced 

by partial desorption. SQI (500 µl, 0.34 mM) in lOmM CDCA was then added 

(Device C) and the ri increased to 3.4% and l sc also increased to 9.28 mA.cm·2. 

Although the cell performance improved ri was still similar to the individual SQl 

device. However, after six days 11 had increased to 3.7% and l sc = 9.45 mA.cm-2 

which is slightly higher than the individual dyes. The results from Table 4.4 and 

Table 4.5 might provide a conceptual basis for the design sequence dying for co

sensitization. Also, dye aggregation was found to be important. It was also found that 

this could be reduced by partial dye removal. 
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Table 4.4: I-V data of 0.9 cm2 of a DSL-18NRT DSC dyed with SQI (500 µl, 0.34 

mM) in 10 mM CDCA, partial removed by Bu4NOH (50 µl, lmM), SQ2 added 

(500 µl, 0.34 mM) in l0mM CDCA then partial removed by Bu4NOH (50µ1, lmM). 

(Approximate errors on devices are± 10% of the values shown). 

I sc 
Device 1J (%) Voe (V) /mAcm-2 FF 
A Dyed with SQ 1 3.6 0.62 8.28 0.64 

B Partial removed SQI 2.7 0.59 6.23 0.66 

C Re-dyed with SQ2 2.2 0.53 5.74 0.66 

D Partial removal 2.8 0.57 6.78 0.65 

The device after 1 day 3.0 0.59 7.02 0.66 

The device after 2 days 3.2 0.58 7.72 0.65 

The device after 3 days 3.2 0.59 7.44 0.66 

The device after 6 days 3.1 0.58 7.28 0.67 

The device after 40 days 2.3 0.58 5.15 0.70 
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Figure 4.9: Photocurrent density-voltage characteristics for the sequential co

sensitization of SQl (500 µl, 0.34 mM) partial removal then after addition ofSQ2 

(500 µl , 0.34 mM) along with age of the device. 

Table 4.5: I-V data of 1 cm2 of a DSL-18NRT DSC dyed with SQ2 (500 µ l, 0.34 

mM) partial removed by Bu4NOH (50 µl, lmM), SQl added (500 µl, 0.34 mM) in 

10 mM CDCA then partial removed by Bu4NOH (50 µl , 1 mM). (Approximate 

errors on devices are± 10% of the values shown). 

Device 1) (%) Yoe (V) 
E Dyed with SQ2 2.4 0.55 6.59 0.67 

F Partial removal 2.7 0.57 7.49 0.64 

G Re-dyed with SQl 3.4 0.60 9.28 0.62 

The device after 1 day 3.6 0.62 8.82 0.65 

The device after 2 days 3.6 0.60 9.67 0.63 

The device after 3 days 3.7 0.61 9.32 0.66 

The device after 6 days 3.7 0.61 9.45 0.64 

The device after 40 days 3.4 0.60 8.86 0.64 

145 



10 
"' 8 

i 8 

--- 6 c .... - Dyed with SQ2 "' = --Partial removed SQ2 Q) 4 'O .... - SQ2+SQI 
= Q) --After 6 days i.. 2 i.. --After 40 days = u 

0 
0 0.2 0.4 0.6 

VoltageN 

Figure 4.10: Photocurrent density-voltage characteristics for the sequential co

sensitization of SQ2 (500 µl, 0.34 mM), partial dye removal and then SQl addition 

(500 µl , 0.34 mM) along with ageing of the device. 

4.3.6 Study of various additions of SQl for co-sensitizing SQl with N719 

Co-sensitization of two different dyes, Ru-bipy (N719) which absorbs in blue part of 

visible spectrum, and the organic dye (SQI) which shows intense absorption in the 

red-NIR region to broaden the light absorption spectrum, have been studied. There 

is a big difference in the molar extinction coefficient of the dyes (14000 M-1 .cm-1
) 

17 

for N719 and (158500 M-1.cm-1
) 

18 for SQl. Therefore the difference in the amount of 

adsorbed dye for co-sensitization is important. For this experiment, co-sensitization 

of N719 with SQl with different dye loadings of SQl was investigated and the I-V 

data are presented in Table 4.6. Device A was pump dyed with SQl (500 µl, 0.34 

mM) in 10 mM CDCA giving 11 3.5 %. SQl was then partially removed by Bu4NOH 

(50 µl , 1 mM) giving Device B. The 11 dropped to 2.3% and l sc decreased to 6.71 

mA.cm-2 because the amount of adsorbed dye was reduced. The amount of partially 

desorbed SQl was measured as 9.5 µg.cm-2 as shown by the UV-Vis spectra for the 

desorbed SQl by Bu4NOH in Figure 4.1 la. N719 (150 µl, 1 mM) was then added 

(Device C) and 11 increased slightly to 2.5% with a good FF = 0.75. However the l sc 

was decreased to 5.31 mA.cm-2which may be due to the adsorption behaviour of 
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N719 (it might be unable to form a monolayer on TiO2 surface). Therefore N719 was 

selectively removed, as discussed in chapter three, using LiOH (50 µI , 100 mM) and 

the amount of desorbed N719 was measured to be 37.4 µg .cm-2 as shown the UV-Vis 

spectra for N719 desorbed by Li OH solution (Figure 4.11 b ). The N719 (1 ml, 1 mM) 

was then added (Device D) and the co-sensitization of N719 with SQl led to an 

increase in 11 to 6.3 % with a big increase in l sc 14.46 mA.cm-2
. Figure 4.12 shows 

the pictures of the device. Figure 4.12a shows that when SQl is added the device 

became dark blue. After the SQl was partially removed (Figure 4.12b) the device 

colour became faint blue the blue colour of the desorbed SQ 1 can be seen in a vial in 

the same picture. After selective removal of 150 µI ofN719 (Figure 4.12c) shows a 

blue colour device of SQ 1 with a red colour of desorbed N719 in the vial. Finally, 1 

ml of N719 was added which leads to a red N719 colour of the device (Figure 

4.12d). 
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Figure 4.11: UV-Vis spectra for desorbed dyes (a) SQl partially desorbed by 

Bu4NOH (50 µI, 1 mM) and (b) N719 desorbed by LiOH (50 µI, 100 mM). 
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Table 4.6: I-V data of 1 cm2 device of DSL-18NRT dyed with SQl (500 µI, 0.34 mM). After partial SQl removed N719 was added 

then selectively removal and N719 re-added (1 ml, 1 mM). (Approximate errors on devices are± 10% of the values shown). 

Device 1) (%) 

A Dyed with SQ 1 3.5 

B Partial removal by lmM Bu4NOH 2.3 

C After adding 150 µI N719 2.5 

D Re-dyed with N719 6.4 

b . . 
. . 
;, . ~--:~- - -,7-:<:':. , . _- . 

·> :,. . _..- r~; 
' I ';-.;. ... ~ I . 
.l~-~1~--- ·~ •-. '·''l,. 

\. ·• '11, . • 

Yoe (V) J sclmA.cm-2 

0.61 8.78 

0.56 6.71 

0.63 5.31 

0.7 14.46 

FF 

0.65 

0.61 

0.75 

0.63 

Amount of 
desorbed dye 
/µ_g_.cm-2 

9.5 

37.4 

Figure 4.12: Photographs of the TiO2 device (2 cm x 0.5 cm) showing (a) dyeing with SQl (b) after partial removal of SQl (c) after 

selective removal ofN719 after 150µ1 N719 had been added along with a vial containing desorbed N719 and (d) adding 1ml ofN719. 
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Figure 4.13 shows the external quantum efficiency (EQE) for co-sensitized TiO2 

with SQI and N719. The co-sensitized of SQI+N719 device exhibited a broad 

response from 300 nm extending beyond 750 nm. Although the spectral response is 

rather low with a maximum EQE of 45% at 550 nm for N719 (I) there is a clear 

enhanced response from the device at 680 nm for the SQI (II). 
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Figure 4.13: External quantum efficiency (EQE) versus wavelength, for Device D 

of sequential co-sensitization of SQ 1 then N7 l 9. 

The next experiment for co-sensitization was the stepwise dyeing of N719 in 10 mM 

CDCA and then SQl (Table 4.7). Device A was pump dyed with N719 (I ml, 1 mM) 

giving 17 of 6.9%. N719 was then partially removed by Bu4NOH (50 µl, 1 mM) 

giving Device B and 17 had dropped to 5.7%. It was assumed that this was because 

the N719 dye loading was reduced by partial removal which led decreased Jsc from 

14.24 mA.cm-2 to 12.29 mA.cm-2
. SQI (10 µ1 , 0.34 mM) in 10 mM CDCA was then 

added giving 17 5.9% and Jsc increased to 14.59mA.cm-2
• The thinking here was that 

there are few available sites on TiO2 for SQl. However this small amount of SQl 

contributed to improved cell performance due to the high c. of SQI. After selective 
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removal of N719 using LiOH (100 µl , 100 mM), Device D, 11 had dropped to 1.2% 

which was believed to be due only to adsorbed SQl. Again the device was co

sensitized by adding N719 (1 ml, 1 mM) Device E giving 11 7.0 % giving the highest 

l sc (16.30 mA.cm-2) suggesting that the titania film is sufficiently covered with N719 

and suggesting that the order and method of co-sensitization is important. The 

process is illustrated by photographs as shown in Figure 4.14. This shows the device, 

when dyed with N719 (Figure 4.14a), appears red. When SQl was added (Figure 

4.14b) the device colour became dark purple in line with co-adsorbed N719 and SQl 

on the TiO2 surface. Thereafter, N719 was selectively removed (Figure 4.14c) 

showing a blue colour on the device indicating SQl remaining on the titania film 

along with a red solution for desorbed N719 in the vial. After adding 1 ml of N719 

(Figure 4.14d) the SQl colour becomes no longer visible to the eye due to the N719 

molecules. Therefore the device shows a red colour. 

Figure 4.14: Photographs of the TiO2 device (2 x 0.5 cm) showing (a) dyeing with 

N719 (1 ml, 1 mM) (b) after partial removal ofN719 and addition of SQl (10 µl, 

0.34 mM) in 10 mM CDCA (c) Selective removal ofN719 by LiOH (100 µl , 100 

mM) (d) re-dyeing with N719 (1 ml, 1 mM). 
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Figure 4.15 show the external quantum efficiency (EQE) for the co-sensitization 

N719 with small amount of SQl (Device E in Table 4.7). The data shows a step 

wise co-sensitization ofN719 with 10 µl SQl device exhibits a broad response from 

300 nm extending to 750 nm. Although the EQEmax for SQl is 35% at 650 nm (I) 

and forN719 is 45 % at 550 run (II). 
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Figure 4.15: External quantum efficiency (EQE) versus wavelength for the Device 

E in Table 4.7 for a stepwise co-sensitization ofN719 (1 ml, 1 mM) and then SQl 

(10 µl, 0.34 mM) in 10 mM CDCA ultra-fast dyed. 

Table 4.7: 1-V data of a 1 cm2 device ofDSL-18NRT dyed with N719 (1 ml, 1 mM), 

after partial removal of N719 then SQl (10 µ1, 0.34 mM) was added, then after 

selective removal ofN719, re-dyed with N719. (Approximate enors on devices are ± 

10% of the values shown). 

l sc / 
Device 1J (%) Yoe (V) mA.cm-2 FF 

A Dyed with N719 6.9 0.72 14.24 0.67 

B Partial N719 removal 5.7 0.69 12.29 0.67 

C 10 µl SQl added 5.9 0.67 14_59 0.61 

D Selective N719 removal 1.2 0.72 2.33 0.71 

E Re-dyed with N719 7.0 0.72 16.30 0.60 
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4.3.7 Co-sensitization with 6% SQl: N719 

The previous experiments studied the addition of different volumes of SQl for the 

co-sensitization of SQl with N719 and also the order in which dye was added. This 

experiment studied the mix of 6% SQ1:N719 by mixing volume ratio 1:4 from the 

stock solutions of 0.86 mM and 1.5mM for SQl and N719. The real concentration 

ratio of SQ 1 :N7 l 9 was calculated from the UV-Vis spectra of the mixed dye solution 

as shown in Figure 4.16a giving 6 % SQ1:N719. A smaller amount of SQl was used 

because it has a higher molar extinction coefficient than N719 and to balance the 

number of sorption sites to yield a complementary absorption spectrum. 19 To test this 

Device A was dyed with a mixed solution of 6% SQl :N719 the r 3/r redox 

electrolyte was added giving TJ 7.2% and I sc 15.99 mA.cm-2 with enhanced Yoe of 

0.74V as compared to Device C in the previous experiment which was co-sensitized 

with SQl and N719 in a step wise manner. All the dyes were then desorbed by 

Bu4NOH (200 µl , 40 mM). The UV-Vis spectrum was measured for the desorbed 

dye solution (as shown Figure 4.16b) which shows a peak at 636 nm due to SQl and 

two peaks at 512 nm and 370nm due to N719. The amount of each dye was measured 

to be 3.5 µg.cm-2 for SQl and 255 µg.cm-2 for N719. The device was then re-dyed 

the same solution of mix 6% SQ1:N719 (Device B) giving Tl of 7.0 % with slightly 

increased J sc to 16.6 mA.cm-2
• After one day, the device was re-measured and gave Tl 

7 .1 % showing a similar performance. 

Table 4.8: I-V data of DSC device co-sensitizing with mix 6% SQl :N719. 
(Approximate errors on devices are ± 10% of the values shown). 

Jsc I 
Device 1) (%) Voe (V) mA.cm-2 FF 

A Dyed with 6% SQ1:N719 7.2 0.74 15.99 0.60 

B Re-dyed with 6% SQ1:N719 7.0 0.72 16.60 0.59 

C Device after one day 7.1 0.73 15.61 0.63 
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Figure 4.16: UV-Vis Spectra of (a) a mix of 6% (SQ1:N719) (0.86 mM:1.5 mM) 

before adsorption (b) mixed (SQ 1 :N7 l 9) solution after desorption from the device by 

Bu4NOH solution 

Figure 4.17 shows the external quantum efficiency (EQE) measurement for a device 

dyed with 6% SQ1:N719. The EQE at 680 run is 13% for SQl (I) showing extended 

light harvesting from N719 alone (II) at 550 run is 45%. The EQE generated at < 400 

nm is due to light absorption by titania. 

50 II 

t. 
40 ,' 

a'2. 30 --r§i 
~ 20 

.'
:' ... ,. 

' ',,
,, • "'· 

! \ / 

10 

0-+""-----,~~-~-..--~-~-~ ~ - =.---. 
300 400 500 600 700 800 

Wavelength / nm 

Figure 4.17: External quantum efficiency (EQE) versus wavelength for a device co

sensitized with 6 % SQl: N719. 
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4.3.8 Co-sensitization of YD with N719 

The previous experiment studied the co-sensitization of the metal complex N719 

which has a maximum absorption at 532 nm with the organic dye SQl which shows 

absorption in the infrared region at 636 nm. This experiment studied the co

sensitization for N719 with a new yellow triphenylamine dye (YD) which has molar 

extinction coefficient 32300 M"1cm·1 and absorbs in the blue part of the visible 

spectrum at 384 nm as shown the UV-Vis spectra in Figure 4.18. The molecular 

structure of YD named 4-[2-( 4-diphenylaminophenyl) vinyl] benzoic acid] is shown 

in Figure 4.19 
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Figure 4.18: UV-Vis spectra for (0.25 mM) YD in ethanol. 
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Figure 4.19: Molecular structure of 4-[2-( 4-diphenylaminophenyl) vinyl] benzoic 

acid] YD. 

The molar extinction coefficient of YD at the maximum absorption of 384 nm is 

32000 M"1cm·' which is believed to correspond to a n- n* transition of the 

conjugated molecule. For the study, at first the device was ultra-fast dyed with YD 

(1.5 ml, 2.5 mM) in 5 mM CDCA followed by N719 (1 ml, 1 mM). The I-V curves 
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are shown in Figure 4.20 and the corresponding photovoltaic parameters are included 

in Table 4.10. Device A was pump dyed with YD (1.5 ml, 2.5 mM) in 5 mM CDCA 

to form a layer of YD chemisorbed on TiO2 (Figure 4.21a) giving ri 2.7%. This was 

followed by adding N719 (1 ml, 1 mM), Device B, and the device colour appeared 

dark red-green as shown in Figure 4.21 b. The device was then measured and giving ri 

of6.7% with increased V 0 c and J5c of0.76 V and 13.46 mA.cm-2 respectively in line 

with the addition of N719 dye. Importantly, the co-sensitized solar cell shows a 

greater Jsc with higher TJ after one day (Device D) giving TJ 7.5% with a big increased 

in l sc 15.06 to mA.cm-2. These results show a superior performance for the co

sensitization of YD with N719 compared with that of individual YD or N719 dyed 

DSC devices. The amount of adsorbed dyes has been calculated. First, N719 was 

selective removal using LiOH (100 µl , 100 mM) then YD was desorbed using 

Bu4NOH (100 µ1 , 40 mM). The UV-Vis spectra of the desorbed dyes solutions 

corresponding to separate dyes are shown in Figure 4.22. The amounts of desorbed 

dyes were then measured using molar extinction coefficient for each dye giving 57 .3 

µg.cm-2 for YD and 216 µg .cm-2 for N719 . 
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Figure 4.20: 1-V curves under AM 1.5 full sunlight with a white background for 

sequence dyeing of co-sensitization YD (1.5 ml, 2.5 mM) in 5 mM CDCA with 

N719 (1 ml, 1 mM). 
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Table 4.10: 1-V data of order dyeing in co-sensitizing TiO2 with YD (1.5 ml, 2.5 

mM) in 5 mM CDCA, followed by adding N719 (1 ml, 1 mM). (Approximate errors 

on devices are± 10% of the values shown). 

Dye 
J SC/ loadinSs 

Device 1J (%) Voe (V) mA.cm·2 FF µg.cm 

A Dyed with YD 2.7 0.70 5.42 0.71 57.3 

B Added 1 ml N719 6.7 0.76 13.4 0.64 216 

C Device after one day 7.5 0.74 15.06 0.65 

Figure 4.21: Photographs ofTiO2 device (2 x 0.5cm) showing (a) dyed with yellow 

dye (1.5 ml, 2.5 mM) (b) after adding 1 ml ofN719 (1 ml, 1 mM) to the YD device. 
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Figure 4.22: UV-Vis Spectra of desorbed (solid line) N719 by 100 mM Li OH and 

(dotted line) YD desorbed by 40 mM Bu4NOH from Device C. 

156 



The next experiment studied the sequential dyeing of N719 and then YD to test the 

effect of the order of dyeing on the photovoltaic performance. The 1-V curves of the 

device dyed with N719 then co-sensitized with N719 plus YD and the same device 

after one day are shown in Figure 4.23 and the corresponding photovoltaic 

parameters are in Table 4.11. Here Device A was pump dyed with N719 (1 ml, 1 

mM) giving l) 6.4%, but the device performance improved when YD (1 .5 ml, 2.5 

mM) in 5 mM CDCA was added Device B giving ll 7.2% with I sc increased to 15.63 

mA.cm-2. The device was then left in a dark place until the next day and re-measured 

(Device C). The ll dropped to 6.7% but was still higher than N719 or YD dyed 

individually. N719 was then desorbed by LiOH (100 µl, 100 mM) and the YD was 

desorbed by Bu4NOH (100 µl , 40 mM). The absorbance of each desorbed solution 

was measured as shown the UV-Vis spectra in Figure 4.24. The amounts of desorbed 

dyes solutions were calculated to be 206 µg.cm-2 for N719 and 27 µg.cm-2 for YD. In 

this case, the smaller amount of adsorbed YD which may explain the slightly lower 

efficiency of 6. 7%. 
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Figure 4.23: 1-V curves under AM 1.5 for sequential dyeing ofN719 (1ml, lmM) 

with YD (1.5ml, 2.5mM) in 5mM CDCA. 
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Table 4.11: I-V data of order dyeing in co-sensitizing TiO2 with N719 (1 ml, 1 mM), 

followed by adding (1.5 ml, 2.5 mM) in 5 mM CDCA. (Approximate errors on 

devices are± 10% of the values shown). 

Device 

A Dyed with N719 

B Added 1 ml of YD 

C Device after one day 

0.8 

0 
250 

1) (%) 

6.4 

7.2 

6.7 

350 

Jsc / 
Yoe (V) mA.cm·2 FF 

0.73 14.00 0.63 

0.74 15.63 0.62 

0.76 14.08 0.63 
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Figure 4.24: UV-Vis spectra of desorbed ( solid line) N719 by 100 mM Li OH and 

(dotted line) YD by 40 mM Bu4NOH from Device C. 

4.3.9 Co-sensitization of SQl and YD 

The previous experiments studied the co-sensitization and the effect of order of 

dyeing on the performance of YD with the metal complex N719. This experiment 

studied co-sensitization of the organic dyes; YD with SQl. Table 4.12 shows the I-V 

data for the device co-sensitized with SQl and YD. The device was pump dyed with 

SQl (500 µl, 0.25 mM) in 5 mM CDCA giving blue colour for SQl molecules on the 

TiO2 film (Figure4.25a). YD (1 ml, 2.5 mM) in 5 mM CDCA was added and the 

device changed colour to green as shown in (Figure 4.25b) giving l1 = 4%. 

Importantly, the co-sensitized device shows enhanced photovoltaic performance 
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relative to either of the single-dye systems (11 = 3.5% for SQI and 11 2.7% for YD). 

The dyes were then desorbed using Bu4NOH (200 µl , 40 mM). The absorbance of 

the desorbed dye solutions was measured as shown in the UV-Vis Spectra in Figure 

4.26. The amounts of desorbed dye were measured which was to be 13 µg.cm-2 for 

SQI at 636 nm and 129 µg.cm-2 for YD. 

Table 4.12: I-V data ofTiO2 device sensitized with SQl (500 µl , 0.25 mM) in 5 

mM CDCA followed by adding YD (1 ml, 2.5 mM) in 5 mM CDCA. (Approximate 

errors on devices are ± 10% of the values shown). 

J SC/ SQ1 YD 
Voe mA.cm - loading/ loading/ 

Device 1) (%) (V) 2 FF -2 -2 µg.cm µg.cm 

Dyed with SQl 3.5 0.61 8.78 0.65 

Dyed with YD 2.7 0.70 5.45 0.71 
Dyed with SQl 
and YD 4.0 0.71 8.35 0.65 13 129 

Figure 4.25: Photographs ofTiO2 device (2 x 0.5cm) showing (a) dyed with SQl (b) 

dyed with SQl and YD. 
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Figure 4.26: UV-Vis spectra of desorbed dye solutions a co-sensitized device of 

SQl +YD desorbed by Bu4NOH (200 µl, 40 mM). 

4.3.10 Co-sensitized YD with D149 

To try to enhance the device performance through ultra-fast co-sensitization, a 

combination of YD that absorbs at 385 run was studied with the indoline dye (D149) 

which absorbs at 528 run. To study this, a device was first dyed with each single dye 

and then co-sensitized by stepwise dyeing. The I-V curves are shown in Figure 4.27 

and the corresponding photovoltaic parameters are included in Table 4.13. Device A 

was pump dyed with single dye D149 (1.5 ml, 0.5 mM) giving Tl 6.1 %. The other 

device was dyed with YD (1 ml, 2.5 mM) in 10 mM CDCA, Device B, giving Tl 

2.8% and the parameters Use= 4.33 mA.cm-2
, Yoe =0.53V and FF = 0.60). After the 

electrolyte was removed by pumping 100 µl ethanol through a device cavity D149 (1 

ml, 0.5 mM) was added giving Device C and the device performance improved (Tl= 

6.7%, Ise= 18.75 mA.cm-2
, Yoe = 0.63 and FF= 0.57) which is higher than either 

single dye. 
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Table 4.13: Detailed photovoltaic parameters of the devices based on individual 

D149 (1.5 ml, 0.5 mM), individual YD (1 ml, 2.5 mM) in 10 mM CDCA and co-

sensitization with YD+D149. (Approximate errors on devices are ± 10% of the 

values shown). 

J SC/ 
Device !] (%) Yoe (V) mA.cm-2 FF 

A Dyed with D 149 6.1 0.64 17.69 0.54 

B Dyed with YD 2.8 0.53 8.73 0.60 

C D149 added 6.7 0.63 18.75 0.57 

D After one day 6.8 0.64 18.23 0.58 

E After five dais 6.8 0.64 19.32 0.55 
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Figure 4.27: 1-V curve of the devices dyed with individual dyes D149 (1.5 ml, 0.5 

mM) and YD (1 ml, 2.5 mM) and also co-sensitized with YD+D149. 

4.3.11 Co-sensitization N719 with varying ratios of D149 

The next series of experiments aimed to study the effect of molar ratio on the co

sensitization of two dyes (N719 and D149) which absorb at similar wavelengths. 

These experiments studied the new approaches of selective removal for co

sensitization and step wise adsorption using mixed dye solutions in certain molar 

ratios. 
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4.3.11.1 Co-sensitization of N719: D149 (10:1) 

Table 4.14 shows I-V data for a device after partial N719 removal and co-sensitized 

with small amount of D149, and the I-V curves are shown in Figure 4.28. Device A 

was pump dyed with N719 (1ml, lmM) giving TJ 6%. The N719 was then partially 

removed by Bu4NOH (50 µl , 1 mM) and ri dropped to 5.5%. This process freed some 

sites to adsorb other dye molecules. D149 (100 µl, 0.5 mM) was then added giving 

Device C. The Tj slightly dropped to 5%. However, the Isc increased to 13.73 rnA.cm-

2. The efficiency dropped because the Voe reduced from 0.73 V to 0.57 V. This was 

in line with D149 addition because D149 has a lower Voe compared to N719.20• 21 

N719 was then selectively removed by Li OH (100 µl, 100 mM) giving Device D 

leaving just adsorbed D149 molecules giving TJ 3.2% and J sc 9.1 mA.cm-2 from the 

addition of D149 (100 µl, 0.5 mM). N719 (1 ml, 1 mM) was then added giving 

Device E which showed significant enhancement in the performance to give TJ 6.5%. 

The improved performance of the co-sensitized cell with Dl49+N719 is attributed to 

the combined enhancement in J sc to 13.05 rnA.cm-2, V 0c to 0.74V and FF to 0.61. 

Table 4.14: Detailed photovoltaic parameters of the devices based on individual 

N719 (1 ml, 1 mM), paitial removed, then added D149 (100 µ l, 0.5 mM) in 10 mM 

CDCA and after selective removal ofN719 re-dyed with N719 (1 ml, 1 mM). 

(Approximate errors on devices are ± 10% of the values shown). 

I sc /mA.cm-
Device 1J (%) Voe (V) FF 

A Dyed with N719 6.0 0.77 12.46 0.58 

B Partially removed N719 5.5 0.73 11.43 0.60 

C D149 100 µladded 5.0 0.57 13.73 0.58 

D Selective removal of N719 3.2 0.58 9.10 0.55 

E Re-dyed with N719 6.5 0.74 13.05 0.61 
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Figure 4.28: I-V data of DSC devices sensitized with N719, after partial removal of 

N719, after 100 µl D149 added, then selective removal ofN719, and re-dyed with 

N719. 

Figure 4.29 show the external quantum efficiency (EQE) measurement for a Device 

E which is dyed with a 10:1 v/v of a mixed N719:D149. The EQEmax is 10% at 650 

run (I) due to a small amount ofD149 used, and the EQE max >35% at 550 forN719 

(II). The EQE peak is in line with N719 alone that is mean the I sc not affected by the 

small amount ofD149. 
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Figure 4.29: External quantum efficiency (EQE) versus wavelength of a device co

sensitized with a mix ofN719:D149 by (volume ratio 10:1) from a stock solution 1 

mM N719 and 0.5 mM D149 from device E. 

4.3.11.2 Co-Sensitization N719:D149 (1:1) 

A mixed of dye solution with a 1:1 volume ratio ofD149 (1 ml, 0.5 mM) in l0mM 

CDCA and N719 (1 ml, 1 mM) was then studied (Table 4.15). Device A was dyed 

with N719:D149 (volume ratio 1:1) in 10 mM CDCA giving 117.2%. To quantify the 

dye loading on the TiO2 surface, N719 was desorbed by LiOH (100 ml, 100 mM). 

Then D149 was desorbed by Bu4NOH (200 µ1,40 mM) followed by acetone and 

ethanol. The amount of each desorbed dye was calculated to be 84 µg.cm-2 for N719 

and 52 µg.cm-2 for D149. After the device rinsing, the device was re-dyed with the 

same mix N719:D149 (1 :1), Device B, giving 1'\ 6.8% slightly lower than first dying 

due to lower l sc which might suggest that the TiO2 surface was not completely 

saturated. 
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Table 4.15: Detailed photovoltaic parameters of the device based co-sensitization 

with a mix of NI 79 (1ml, lmM) with D149 (1ml, 0.5mM) in l0mM CDCA and after 

total dyes removed re-dyed with the same mix solution of N719:D149 (1 :1). 

(Approximate errors on devices are± 10% of the values shown). 

Device 

A DyedwithmixN710:D47 

B Re-dyed with mix ofN71 :D149 

1) (%) 

7.2 

6.8 

l sc 
V oc (V) /mA.c m-2 FF 

0.71 16.42 0.59 

0.71 15.30 0.60 

Figure 4.30 show the external quantum efficiency (EQE) measurement for a Device 

B which was dyed with a 1:1 v/v of a mixed N719:D149. The device show broad 

response from 300 nm extending beyond 700 run. The EQE is > 20 % at 650 nm 

which is higher than the device in the previous experiment due to more D 149 is 

loading. Although the spectral response is rather low with a maximum EQE of 45 % 

at 550 nm for N719. 
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Figure 4.30: External quantum efficiency (EQE) versus wavelength for co-sensitized 

(N719+D149) (1 :1) for the device B. 

4.4.11.3 Co-sensitization N719:D149 (1:2) 

Following the earlier experiments showing the photocurrent density of the device 

was increased by increasing the proportion of D 149 dye in the dyeing solution. The 

next experiment doubled the N719:D149 ratio to 1:2 (Figure 4.31). The 
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corresponding photovoltaic parameters are included in Table 4.16. Device A was 

pump dyed with a 1:2 mixture ofN719 (1 ml, 1 m.M) and D149 (2 ml, 0.5 mM) in 10 

mM CDCA. The device performance was 11 = 8.1 % Use= 18.31 mA.cm-2
, Voe= 0.71 

V and FF= 0.62). The N719 was then selectively removal by LiOH (100 µl, 100 

mM), Device B, and the 11 dropped to 5.6% and both V oc and J sc also decreased to 

0.66 V and 13.57 mA.cm-2
, respectively presumably in line with only D149 

remaining adsorbed on the TiO2 surface. The amount of desorbed N719 was 

calculated to be 65 µg. cm-2. The device then re-dyed with the same mix solution of 

N719:Dl49 (volume ratio 1:2) Device C giving 11 8% which is the similar 

performance of the first co-sensitization. 

Table 4.16: Detailed photovoltaic parameters of the device based co-sensitization 

with a mix ofN179 (1 ml, lm.M) with D149 (2 ml, 0.5 mM) in 10 mM CDCA and 

after selective removal of N719, re-dyed with the same mix solution ofN719:D149 

(1 :2). (Approximate errors on devices are± 10% of the values shown). 

J SC/ 
Device 1J (%) Voe (V) mA.cm-2 FF 

A Dyed with 1:2 mix N719:D149 8.1 0.71 18.31 0.62 

B Selective removal N719 5.6 0.66 13.57 0.63 

C Re-dyed with mix N719:Dl49 8.0 0.71 18.32 0.61 
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Figure 4.31: Photocurrent density-photo voltage curve of co-sensitized a mix 1 :2 

(N719:Dl49) under AM 1.5 G radiation. 
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4.3.11.4 Co-Sensitization N719:D149 (1:3) 

The next experiment used a 1 :3 v/v mixture of N719:D149. The 1-V data are in 

Figure 4.32 and the corresponding photovoltaic parameters are included in Table 

4.17. Device A was pump dyed with 1ml of a 1:3 v/v mixture ofN719 (1 ml, 1 mM) 

and D149 (3 ml, 0.5 mM) in 10 mM CDCA giving 11 7.5%. N719 was then 

selectively removed by Li OH (100 µl, 100 mM) (Device B) and the efficiency 

dropped to 4.7% in line with only D149 remaining adsorbed. The amount of 

desorbed N719 was to be 57 µg.cm-2 which is less than the amount ofN719 desorbed 

in previous experiment for using volume ratio 1 :2 N719:D149 which is expected 

because the initial dyeing solution contained less N719. However, the 11 and l sc of 

Device B were lower than for the 1 :2 device after selective removal of N719 even 

through, in theory, there may be more D149 molecules still adsorbed. When the 

device was re-dyed with the same dye solution, Device C, the device performance 

improved to yield 11 = 8.2% Use = 16.58 mA.cm-2, Voe = 0.71 V and FF= 0.63) 

Table 4.17: 1-V data for TiO2 device after co-sensitization with a 1 :3 v/v mixture of 

NI 79 (1 ml, I mM) with Dl49 (3 ml, 0.5 mM) in 10 mM CDCA then after selective 

removal of N719, and re-dyeing with the same mixed solution ofN719:Dl49 (1:3) 

(Approximate errors on devices are ± 10% of the values shown). 

J SC/ 
Device 1J (%) Voe (V) mA.cm-2 FF 

A Dyed with I :3 mix N719:D149 7.5 0.70 15.81 0.61 

B Selective removal N719 4.7 0.66 10.67 0.60 

C Re-dyed with mix N719:D149 8.2 0.71 16.58 0.63 
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Figure 4.32: I-V data for a device co-sensitized with a mixture of 1 :3 v/v 

N719:D149 from the stock solution N719 {l ml, 1 mM) and D149 (3 ml, 0.5 mM). 

Device was dyed, N719 was selectively desorbed and the device re-dyed. 

The results in Tables 4.14 - 4.17 show that the ratio of dyes in the co-sensitization of 

N719 and D149 is important to improve the cell performance. Although these two 

dyes absorbs at the same wave length. Their varying in molar extinction coefficients 

and spectral response mean that it was possible to harvest more light and it was 

found that the best ratio for mixing N719 with D149 1.2 1 :2 for these solutions. 

4.4 Co-sensitization with three dyes mix of N719:D149:SQ1 

Sensitization with three dyes has been rarely studied to date and never using ultra

fast sensitization. 22 However high molar extinction coefficients of strongly absorbing 

dyes should give sufficient space on the surface of TiO2 to allow absorption of other 

dyes with a complementary absorption. This aspect has been tested in this 

experiment based on the ultra-fast co-sensitization of three dyes; N719 and D149 

which absorb at similar wavelengths at 530 nm and SQl which absorbs at 636nm as 

shown the UVNis spectra in Figure 4.33. The device was pump dyed with 1 ml dye 

solution containing three dyes ofN719 (1 ml, 1 mM), D149 (1 ml, 0.5 mM) and 

SQl(0.l ml, 0.34 mM) in 10 mM CDCA. Table 4.18. The data show YJ 7.3% with CJsc 
= 15.5 mA.cm·2, Yoe= 0.71V and FF = 0.65) which is greater than those of DSCs 
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with any of the corresponding individual dyes. However, the cell performance is 

similar to the device that co-sensitized with a mix ofN719:Dl49 (1:1 v/v). It might 

be that the co-sensitization is not affected by SQl or that the amount of SQI used in 

this experiment is too small as it is ten times less than N719 or D149. 

3 

0 
250 400 550 

Wavelength /nm 

SQl - N719 
- Dl49 
-SQl 

700 

Figure 4.33: UV-Vis spectra of pure (blue line) N719 in tert-butanol: acetonitrile 

(1:1), (red line) D149 in tert-butanol: acetonitrile and (black line) SQl in ethanol. 

Table 4.18: The I-V data of0.975 cm2 device ofTiO2 dyed with 1ml of a mix of 

(N719:D149:SQ1) in 10 mM CDCA by volume ratio (1:1 :0.1). (Approximate errors 

on devices are ± 10% of the values shown). 

Device 

A Dyed with mix 
N719:D149:SQ1 

B Dyed with N719 

C Dyed with SQ 1 

D Dyed with D149 

7.3 

6.4 

3.5 

6.1 

J SC 

V oc (V) /mA.cm-2 FF 

0.71 15.51 0.65 

0.73 14.00 0.63 

0.61 8.78 0.65 

0.64 17.69 0.54 
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4.4.1 Co-sensitization of ( N719:D131:SQ1) 

To further study tri-sensitization, other dyes have been tested. In this experiment 

D 149 was changed for another indoline dye (D 131 ). The molecular structure of D 131 

is shown in Figure 4.34. D131 has a molar absorption coefficient (5 x 104 M-1cm-1) at 

425nm. 23 It was chosen because indoline dyes have shown significantly higher molar 

extinction coefficients which facilitate light absorption in DSC. Figure 4.35 shows 

the I-V curves of sequential co-sensitization with three dyes N719:D131:SQ1 and the 

corresponding photovoltaic parameters are summarized in Table 4.19. Device A was 

pump dyed with D131 (1.5 ml, 0.1 mM) giving 11 5.1%. For comparison with co

sensitization another device was dyed at first with N719 (1 ml, 1 mM) Device B 

giving 11 6.4%. N719 was then partially removed by Bu4NOH (50 µl, 1 mM) Device 

Bl and the efficiency dropped to 4.4% because some of the N719 was removed 

(62µg.cm-2). A 300 µl of mix Dl31:SQ1 (which was mixed D131 (1 ml, 0.1 mM) 

with SQI (1 ml, 0.2 mM) was then pump dyed giving Device B2 and 11 increased 

slightly to 4.8% with greater J sc (15.67 mA.cm-2). However, the Voe reduced to 0.55 

which may have been due to later dye recombination. To study the effect of dye 

arrangement on the TiO2 surface N719 was selectively removed by LiOH (100 µl, 

100 mM), Device B3, giving 113.2 % due to remaining D131+SQ1 and the amount of 

N719 desorbed was calculated to be 74µg.cm-2. N719 (1 ml, 1 mM) was added a gain 

giving Device B4 and the 11 increased to 6.3% which is similar performance to the 

Device B for dyeing with individual N719 system. 

Figure 4.34: Molecular structure of the indoline dye (D 131 ). 
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Table 4.19: The I-V data of 1 cm2 device ofDSL-18NRT paste dyed with N719 then 

after adding a mixed solution of Dl31:SQ1 (1 :1) in 10 mM CDCA. (Approximate 

errors on devices are± 10% of the values shown). 

Device 

A Dyed with Dl31 

B Dyed with N719 

B 1 Partial dye removal 

B2 Dl31:SQl added 

B3 Selective removal ofN719 

B4 Re-dyed with N719 

20 
S' 18 
E 
(.) 16 

] 14 

0 12 
..... 10 r:n 
::: 

8 (I) 
"O ..... 6 ::: 
(I) 

4 ~ u 2 
0 

0 0.2 

J SC 

1J (%) Voe (V) /mA.cm·2 

5.1 0.68 11.78 

6.4 0.77 15.03 

4.4 0.76 9.34 

4.8 0.55 15.67 

3.2 0.58 9.29 

6.3 0.76 14.34 

- N719 
- N719+Dl31+SQ1 
- Dl31+SQI 

Re-N719+Dl31+SQI 

0.4 
Voltage/ V 

0.6 0.8 

FF 

0.61 

0.56 

0.63 

0.56 

0.60 

0.58 

Figure 4.35: I-V data for stepwise co-sensitization of(N719:Dl31:SQ1) which was 

step wise dyed with N719 (1 ml, 1 mM) after partial removal ofN719 after addition 

of then 300 µl of mixed Dl31 (1 ml, 0.1 mM) with SQl (1 ml, 0.2 mM). 

4.4.2 Co-Sensitization of (N719: YD: SQl) 

In the next experiment to further study trisensitization, other dyes have been tested. 

In this experiment a step wise co-sensitization of SQl , then YD and then N719 has 

been tested. Figure 4.36 shows the I-V curves of a device sequentially dyed in co

sensitization starting with SQl (500 µl, 0.34 mM) in 5 mM CDCA followed by 
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adding YD (1 ml, 0.25 mM) in 5 mM CDCA then after adding N719 (1 ml, 1 mM). 

The corresponding 1-V data are included in Table 4.20. At first, Device A dyed with 

SQl (500 µl, 0.34 mM) gives 11 2.6% using small amount of SQl to avoid saturation 

of the TiO2 surface in order to leave free sorption sites. YD (1 ml, 0.25 mM) in 5 

mM was then added (Device B) and the co-sensitized (SQl+YD) yielded an 

enhancement in the device performance 17 = 4.1 %, (J sc = 8.46 mA.cm-2, V 0c = 0.68V 

and FF= 0.66). When N719 (1 ml, 1 mM) was added (Device C) 17 5.6%. However, 

this efficiency is not higher than N719 on its own. But after one day the device was 

re-measured and the 11 increased to 6.5% with improvements in both J sc = 13 .17 

mA.cm-2 and V oc = 0.71 V. It is belived that co-sensitization of three dyes enhances 

photon absorption making the dye combination more effective than each individual 

dye. To test the dye loading for the co-adsorption of the three dyes, the N719 was 

selectively removed by LiOH (100 µ1, 100 mM) then a mix of YD and SQl was 

desorbed by Bu4NOH (200 µl , 40 mM). The absorbances of the desorbed dyes were 

measured using UV-Vis spectroscopy (Figure 4.3 7). The dye loadings were then 

determined as 15.59, 73.95, and 142.28 µg.cm-2 for SQl , YD, and N719 respectively. 

Table 4.20: 1-V data of a TiO2 device sequentially dyed starting with SQl (500 ~ti, 

0.34 mM) in 5 mM CDCA, then added YD (1 ml, 0.25 mM) in 5 mM CDCA finally, 

added N719 (1 ml, 1 mM) in 5 mM CDCA. (Approximate errors on devices are ± 

10% of the values shown). 

Jsc 
Device 1J (%) Voe (V) /mA.cm-2 FF 

A Dyed with SQl 2.6 0.61 6.76 0.60 

B YD added 4.1 0.68 8.46 0.66 

C N719 added 5.6 0.73 12.01 0.60 

D Device after one day 6.5 0.71 13.17 0.65 
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Figure 4.36: 1-V data for step wise co-sensitization of (N719:YD:SQ1) which was 

step wise dyed with SQl (500 µ1, 0.34 mM) then YD (1 ml, 0.25 mM) and then 

N719 (1 ml, 1 mM). 
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Figure 4.37: UV-Vis Spectra of dye solutions desorbed from the DSL-18NRT 

device film. The solid line is due to N719 desorbed by LiOH and the dashed line due 

to a mixture of yellow dye and SQl dyes desorbed by Bu4NOH. 
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4.4.3 Co-Sensitization with YD:N719:D149 

Another example of co-sensitization with three dyes was studied using sequential 

adsorptions of YD which is absorbs at 385nm with a mix of N719:D149 (1 :1 v/v). 

The latter two dyes absorb light at a similar wavelength at 530 nm. The UVNis 

spectrum for each dye is shown in Figure 4.38. 

2.5 

;::i 2 
~ 

~1.5 

.-e 
5l 1 

~ 
0.5 

0 
250 

D149 - YD 
- Dl49 
- N719 

400 550 700 
Wavelength/ nm 

Figure 4.38: UV-Vis spectra of neat (black line) 1 mMN719 in tert-butanol: 

acetonitrile (1:1), (red line) 0.5 mM D149 in tert-butanol: acetonitrile and (blue line) 

1.2 mM YD in ethanol. 

Figure 4.39 shows the I-V curves for each dyeing step and the corresponding 

photovoltaic parameters are summarized in Table 4.21. Device A was pump dyed 

with YD (1.5 ml, 1.2 mM) in 10 mM CDCA giving 11 2.6%. When a mix of 

N719:D149 (1:1) was added, Device B, the 11 increased to 6.9 % with improvements 

in both I se and Voe (15.92 mA.cm-2 and 0.72 V). After seven days Device E was re

measured and the device yielded significant performance, ri = 7.5%, Use = 15.9 

rnA.cm-2
, Yoe= 0.72V and FF= 0.65). 
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Table 4.21: The I-V data of 1 cm2 DSL-18NRT device dyed with YD (1.5 ml, 1.2 

mM) in 10 mM CDCA, then a 1 :1 v/v of mixture N719:D149 added.dye then added 

1ml of a mixed (D149:N719). (Approximate errors on devices are ± 10% of the 

values shown). 

Device 

A Dyed with YD 

B (1:1 v/v) ofN719:D149 added 

C Device after one day 

D Device after five days 

E Device after seven da:}:'.S 

o 10 ....... 
rn 
5 8 
'9 6 

] ~ 
0 

0 0.2 

J SC 

1) (%) Voe (V) /mA.cm-2 FF 

2.6 0.51 

6.7 0.72 

6.9 0.72 

7.2 0.73 

7.5 0.72 

0.4 

VoltageN 

8.84 0.59 

15.92 0.59 

15.65 0.61 

15.80 0.62 

15.90 0.65 

- YD 

- YD:N719:D149 

0.6 0.8 

Figure 4.39: I-V data for step wise co-sensitization of (N719:D149:YD) which was 

step wise dyed YD (1.5 ml, 1.2 mM) the a 1: 1 v/v mixture of D l 49 (1 ml, 0.5 mM) 

with N719 (1 ml, 1 mM) added. 

4.4.4 Co-Sensitization with a mixture of (N719: YD: RD) 

Another example of co-sensitization with three dyes was studied using stepwise 

sensitized YD then RD and then N719. Whilst triphenylamine YD absorbs at 386 

175 



run and RD absorbs 405 run both YD and RD have higher molar extinction 

coefficient (£ for YD 32300 M"1cm·1 and for RD is 31600 M"1cm·1 at 405 run).24 

Figure 4.40 shows the chemical structure of RD in addition to the carboxyl group has 

also a cyanoacrylate linker and slightly broader UV-Vis absorption. 

0 
'C 

HO 

Figure 4.40: Molecular structure of (E)-2-cyano-3-( 4-((E)-4-

( diphenylamino )styryl)phenyl)acrylic acid RD 

The experiment tested a device dyed with RD then another device was sequentially 

co-sensitisation dyed with YD, RD and N719 dyes. The I-V measurements for each 

step are shown in Figure 4.41 and the photovoltaic parameters are summarized in 

Table 4.22. Device A was pump dyed with RD (1 ml, 1.5 mM) in 5 mM CDCA 

giving ri 4.6%. To quantify the dye loading, RD was then desorbed by Bu4NOH (200 

µl, 40 Mm) and the desorbed RD was calculated as 136.5µg.cm·2. Another device 

was sequential co-sensitized starting by pump dyeing YD ( 1 ml, 1.2 mM) in IO mM 

CDCA, Device B, giving 11 2.5%. RD (100 µl, 1.5 mM) in 5 mM CDCA was added 

giving Device Bl and the ri increased to 3.8% with higher I sc (9.23 mM.cm-2) , due to 

the device being co-sensitized with both YD and RD. Although this efficiency is 

lower than the Device A which was only dyed with RD this may have been because 

only a small amount of RD was used to dye the device. However, it has helped the 

I sc to increase to 9.23 mA.cm·2. N719 (1 ml, 1 mM) was then added (Device B2) 

which yielded a significant enhancement in device performance (ri = 6.4%, J sc = 

13.04 mA.cm·2, Yoe= 0.73V). Figure 4.42 shows photographs of each step showing 

a yellow device from dyeing with YD (Figure 4.42a). Co-sensitization of result in 

mixed colours for instance co-sensitizing YD with RD (Figure 4.42b) gives a red 

colour and co-sensitizing with YD, RD and N719 produces a darker coloured film 
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than any of any of the dyes individually (Figure 4.42c). To quantify the dye loading 

on the TiO2 surface in Device B2, N719 was desorbed first by LiOH (100 µl, 100 

mM) and the residual RD and YD were desorbed together by Bu4NOH (200 µl , 40 

mM). Figure 4.43 shows the UV-Vis spectrum of the desorbed dye solutions for 

N719 and YD:RD. The amount of each dye was calculated, giving 139.3 µg.cm·2 for 

N719, 30.35 µg .cm·2 for both YD and RD. 

Table 4.22: 1-V data ofDSL-18NRT device dyed with YD (1 ml, l.2mM) in 10 mM 

CDCA then RD (100 µl , 1.5 mM) in 5 mM CDCA and then N719 (1 ml, 1 mM). 

(Approximate errors on devices are± 10% of the values shown). 

Device 

A Dyed with RD 

B Dyed with YD 

Bl Added 100µ1 RD 

B2 Added 1ml N719 

0 

1) (%) 

4.6 

2.5 

3.8 

6.4 

0.2 

Voe (V) 

0.70 

0.71 

0.66 

0.73 

0.4 
VoltageN 

l sc /mA.cm· 
2 FF 

9.27 0.71 

4.77 0.73 

9.23 0.63 

13.04 0.63 

- YD 
- YD+RD 
- YD+RD+N719 
- RD 

0.6 0.8 

Figure 4.41: 1-V data for step wise co-sensitization of (N719:RD:YD) which was 

step wise dyed YD (1 ml, 1.2 mM) in 10 mM CDCA then RD (100 µl, 1.5 mM) in 5 

mM CDCA and then N719 (1 ml, 1 mM). 
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Figure 4.42: Photographs of DSC device dyed with (a) YD (1 ml, 1.2 mM) (b) YD 

with 100 µl RD added and (c) YD, 100 µl then RD added and then added N719. 

1 

0.2 

0 
250 

,. .. .. .. .. 
!\ 

--YD-R 
. ........ N719 

YD+RD 
N719 

.... •·J ............. . 
·········· 

350 450 550 650 
Wavelength /nm 

Figure 4.43: UV-Vis Spectra ofN719 (dash line) desorbed by LiOH and a mixture 

ofYD+RD (solid line) desorbed by Bu4NOH. 

The results from all previous experiments for co-sensitization with three dyes show 

that sequential ultra-fast co-sensitization is generally more successful than using a 

mixed dye solution containing three dyes. This is believed to be because step wise 

dyeing has more control on the quantity of dyes adsorbed in the process. In this 

process the dyes can be kept separately also small amount of dye using for dyeing 

DSC devices. 

4.4.5 Co-Sensitization with four dyes (N719:D149:YD:SQ1) from a mixed 
solution 

Studies of co-sensitization of four dyes was then attempted to try to further enhance 

light harvesting and to reducing the amount of dye used. To test this, a mixed of dye 
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solution was prepared using N719, D149 and YD in a same volume ratios with a 

small amount of SQl consisting ofN719 (I ml, 1 mM), D149 (1 ml, 0.5 mM), YD (1 

ml, 1.2 mM) and SQl (100 µl, 0.25 mM). These dyes in this experiment absorbs the 

light at different wavelengths; the maximum absorption of SQl in ethanol is at 

636nm, N719 and D149 in tert-butanol:acetonitrile absorb at 532 nm and YD in 

ethanol at 386 run (Figure 4.44). Figure 4.45 the I-V data of a device co-sensitized 

with four dyes from a mixed solution and the photovoltaic parameters are 

summarized in Table 4.23 The data show fl= 7.1% Use = 16.54 mA.cm·2, Voe= 

0. 72V and FF= 0.60). Two days later the device was re-measured and the efficiency 

had increased to 8% with similar Ise = 16.41 mA.cm·2 , but Voe increased to 0.75 V. 

This might have been due to rearrangement of dye molecules and/or electrolyte 

ingress on the surface leading to better coverage of the surface of TiO2 thus reducing 

the recombination. 
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Figure 4.44: UV-Vis spectra of neat (I mM) N719 in tert-butanol : acetonitrile (1 :1) 

(purpule line), (0.5 mM) D149 in tert-butanol : acetonitrile (red line), (1.2 mM) YD 

in ethanol (black line) and (0.25 mM) SQl in ethanol (blue line). 

Table 4.23: Photo-voltaic parameters of the TiO2 device co-sensitized with a mix of 

four dyes by the volume ratios (1:1:1:0.lv/v) N719 (1 ml, 1 mM), D149 (1 ml, 0.5 

mM), YD (1 ml, 1.2 mM) and SQl (100 µl, 0.25 mM). (Approximate errors on 

devices are ± 10% of the values shown). 
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Device 1J (%) 

Mix ofN719:Dl49:YD:SQl 7.1 

Device after one day 7.7 

Device after two days 8.0 
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0.72 

0.74 

0.75 
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Voltage N 

I sc /mA.cm-2 FF 

16.54 0.60 

16.60 0.62 

16.41 0.65 

0.6 0.8 

Figure 4.45: Photocurrent density-photo voltage curve of co-sensitized a mix of 

(N719:Dl49: YD: SQl) by volume ration (1 :2:1: 0.1) ml measuring for two days 

under AM 1.5 G radiation. 

4.4.6 Stepwise co-Sensitization with four dyes (N719:D149: YD: SQl) 

The next experiment was designed to test the sequential co-sensitization and 

selective dye removal using the four the same dyes (N719, D149, YD and SQl). 

Table 4.24 shows the photo-voltaic parameters for this stepwise approach of co

sensitization. Device A at first was pump dyed with N719 (1 ml, 1 mM) giving Tl 

6.4%. After removal of the electrolyte, 200 µl of a mix of Dl49 (1 ml, 0.5 mM), YD 

(1 ml, 1.2 mM) and SQl (100 µl , 0.25 mM) with a volume ratio of 1:1:0.1 were 

added Device B and the efficiency slightly increased to 6.8% due increased J sc due 

co-sensitization of the different dyes. However, the V oc slightly decreased to 0.69 V. 

N719 was then selectively removed (Device C) and the efficiency dropped to 4.3% 
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which was believed to be due to the remaining D149: YD: SQI. Re-dyeing the 

device with N719 (1 ml, 1 mM), Device D, yielded a significant enhancement in the 

device performance T] = 7.3% Use= 15.02 mA.cm·2, Yoe = 0.7V and FF = 0.63) in 

line with increased light harvesting. After ageing the device for five days 11 was 

7 .1 %. To quantify the dye loading the device N719 was selectively removed by 

LiOH (100 µ1, 100 mM), a mix of YD and SQl was desorbed by Bu4NOH (200 µ1, 8 

mM) and finally D149 was desorbed by Bu4NOH (200 µI, 40 mM) followed by 

acetone and ethanol. The absorbance of the desorbed dye solutions are shown in 

Figure 4.46. The dye adsorptions were measured to be N719 = 197.5 µg.cm·2, D149 

= 8.06 µg.cm·2, YD = 13.8 µg.cm·2 and SQl= l.lµg.cm·2
. 

Table 4.24: Photo-voltaic parameters of TiO2 sequentially ultra-fast co-sensitized 

with N719 (1 m,1 mM) and a mix of D149 (1 m, 0.5 mM), YD (1 ml, 1.2 mM and 

SQl (100 µ1, 0.25 mM) and after selective removal ofN719 re-dyed with N719 (1 

ml, 1 mM). (Approximate errors on devices are ± 10% of the values shown). 

J SC 

Device 1) (%) Yoe (V) /mA.cm·2 FF 

A Dyed with N719 6.4 0.71 12.76 0.64 

B Added 200µ1 of mix ( D149:YD:SQ1) 6.8 0.69 14.07 0.63 

C After selective removal N719 4.3 0.66 8.62 0.68 

D Re-dyed with N719 7.3 0.70 15.02 0.63 

E Device after one day 7.4 0.71 14.78 0.63 

F Device after two days 7.2 0.71 14.43 0.63 

G The device after five days 7.1 0.71 14.02 0.65 
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Figure 4.46: UV-Vis spectra ofN719 desorbed by 100 mM LiOH (black line), and 

desorbed mix of SQ: YD by 8 mM Bu4NOH (blue line) and D149 desorbed 40mM 

Bu4NOH followed by acetone and ethanol (red line). 

4.4.7 Co-Sensitization with a mix of D131:SQl and mix of D149:N719 

The previous experiment studied sequential ultra-fast co-sensitization with four dyes 

N719, D149, YD and SQl. However, YD was changed to D131 studies of co

sensitization using four dyes was then also attempted to try to further enhance light 

harvesting and reduce the amount of dye used and also to see the effect of the 

alternative dye. Table 4.26 shows the photovoltaic parameters of the device ultra-fast 

co-sensitized with a mix of SQ 1 (1 ml, 0.25 mM) with D 131 (1 ml, 0.5 mM) in 10 

mM CDCA, Device A giving 114.9%, CJsc =10.46 mA.cm-2
, Yoe = 0.67 V, and FF= 

0.71). This efficiency is higher than a device sensitized only with SQl dye but, 

similar to the efficiency yielded with individual D131 dye. The device was then co

sensitized by a 1:2 v/v a mix ofN719 (1 ml, 1 mM) with D149 (2 ml, 0.5 mM) in 10 

mM CDCA, Device C, giving a significant enhancement in the device performance 

to 11 7.3%, CJse = 15.52 mA.cm-2
, V 0e= 0.7 V, and FF = 0.67). Figure 4.47(a) shows 

photographs of dyeing the steps. A green colour results as expected for co

sensitization of SQl and D131 and Figure 4.47(b) shows the dark colour as expected 

when a mix ofN719:Dl49 was added. 
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To measure the dye loadings N719 was selectively removed by Li OH (100 µl, 100 

mM) followed by a mix of D131 with SQ1 by Bu4NOH (200 µl, 8 mM) and then 

D149 was desorbed by Bu4NOH (200 µl, 40 mM) followed by acetone then ethanol. 

Figure 4.48 shows the UV-Vis spectra for each desorbed dye solution, and the 

amount of each dye was measured giving N719 =117.5 µg.cm-2
, SQl= 6.79 µg.cm-2, 

D131= 8.14 µg.cm-2, D149 = 22.5 µg.cm-2• The result shows the device perfonnance 

improves by co-sensitization with four dyes and this reduces the loading of 

sensitizers used in the device and increases light harvesting capacity. 

Table 4.25: Photo-voltaic parameters of a TiO2 device sequentially ultra-fast co

sensitized with a mix of SQ 1 (1 ml, 0.25 mM) with D 131 (1 ml, 0.5 mM) in 10 mM 

CDCA and then mix of N719 (1 ml, 1 mM) with D149 (2 ml, 0.5 mM) in lOmM 

CDCA. (Approximate errors on devices are± 10% of the values shown). 

J SC 

Device 1) (%) Voe (V) -2 /mA.cm FF 

A Dyedwithmixof(SQl:D131) 4.9 0.67 10.46 0.71 

B Added 1ml of mix D149:N719 (2:1) 7.2 0.69 15.49 0.68 

C The device after one day 7.3 0.70 15.52 0.67 

Figure 4.47: Photographs of device (2 x 0.5 cm) showing co-adsorption 1 ml of a 

mix SQl (1 ml, 0.25 mM) with D131 (1 ml, 0.5 mM) in 10 mM CDCA, (b) after 

adding 1ml of 1 :2 v/v mix ofN719 (1 ml, 1 mM) with D149 (1 ml, 0.5 mM) in 10 

mMCDCA. 
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Figure 4.48: UV-Vis spectra of (red line) N719 desorbed by lO0mM LiOH, (blue 

line) a mixture ofSQl :D131 desorbed by 8 mM Bu4NOH, and (green line) D149 

desorbed by 40 mM Bu4NOH followed by 200 µl acetone. 

4.5 Conclusions 

In summary, co-sensitization of nanocrystalline TiO2 with various sensitizers was 

tested for achieving enhanced power conversion efficiency compared with that of 

individually dyed DSCs. A cheap paste of P25 TiO2 which was prepared in the 

laboratory was compared with commercial TiO2 DSL-18NRT for co-sensitization 

studies with various dyes. The best efficiency was achieved with co-sensitization on 

DSL-18NRT, perhaps because it is more transparent or possibly due to a higher 

surface area. 

This work has studied ultra-fast co-sensitization to maximize the light-harvesting 

DSC devices, using different methods; co-adsorption together, sequential adsorption, 

and changing the order of dye loading. Also ultra-fast co-sensitization for two, three 

and four dyes with complementary absorption spectra was studied. The work shows 

that there are two methods to co-sensitize either using a mixed dye solution with 

certain molar ratios of the dyes or sequential co-sensitization by adsorbing different 

dyes in a consecutive manner. Overall most devices showed significant 

improvements in the EQE spectra and photocurrents compared with devices based on 

individual dyes. It was found that the ratio of dyes in a mixed dye solution is 
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important. The best ratio for mixing SQ 1 with N719 to make co-sensitization was 6% 

SQ 1 :N719 ( c/c) due to the big difference in molar extinction coefficients. It was also 

found that the best ratio for mixing N719 with D149 is mix N719:D149 (1:3). 

However, the molar extinction coefficient for D149 is higher than N719. 

Sequential ultra-fast co-sensitization was also investigated for two or more dyes. The 

results show that the sequential ultrafast co-sensitization with YD then N719 

achieved 11 = 7.4% which is higher than the co-sensitization by the order N719 then 

YD (6.7%). The selective removal of dyes such as desorbed N719 by LiOH and 

organic dye by Bu4NOH and D149 by concentrated Bu4NOH followed by acetone 

and ethanol have been used to balance the loading amount of dyes in co-sensitization 

and this process also provides an alternative choice for changing the sensitizers in the 

device. Ultra-fast co-sensitization with three or four dyes using either sequential or 

stepwise method has been also studied. The results show that a significant 

improvement in device performance either with three dyes or four dyes. 
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Chapter Five Study of Kinetics of Dye-sensitization for DSC Devices 

5.1 Introduction 

Dye loading using either single or multiple dyes as a function of sensitization time 

can have a significant effect on DSC device performance. 1 This chapter presents the 

results of experiments conducted to investigate rate constants for the adsorption of 

the yellow triarylamine dye (YD) using either passive or ultra-fast dyeing on TiO2 

surfaces, as well as studying the adsorption of mixed dye solutions (N719:YD or 

N719:SQ1) on TiO2 photo-electrodes in DSC. 

5.2 Previous work on the Kinetics of dye adsorption on TiO2 

The adsorption of dye molecules on TiO2 nanoparticles in DSC photo-electrodes 

plays a crucial role for DSC efficiency and stability. 2 The interaction between the 

TiO2 semiconductor and the dye photo-sensitizer has been studied in the literature 

using UV-Vis, Raman, resonance Raman, and ATR-FTIR spectroscopy to 

investigate the nature of binding on the TiO2 films. 3 The results have shown that 

adsorption occurs via formation of ester-like linkages. 4 For instance, the 

coordination of photosensitizing Ru-(bipy) dyes on TiO2 has been investigated by 

Finnie et al., who suggested three possible carboxylate binding modes unidentate, 

bidentate or bridging as illustrated in Figure 5.1 . 5 

R l{ l{ 

1 1 1 
o-::?' '-------o o~-~o / -::-,, o 0 ' , ' 

! ""M/ ! ! 
Unidentate Bidentate Bridging 

Figure 5.1: Three possible carboxylate coordination modes.5 

In DSC devices dye chemisorption on the TiO2 is preferred over physisorption 

because the latter does not enable efficient electron transfer into the metal oxide 
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substrate. 6 TiO2 surfaces with full monolayer dye coverage have also been reported 

to be preferable over partially covered surfaces for several reasons: i) full coverage 

of the substrate or saturation by dye molecules increases the electron transfer, ii) 

complete dye layers reduce recombination losses by physically separating the 

electrolyte solution from the titania surface, and iii) full coverage maximizes light 

absorption efficiency, as well as the photoelectron injection efficiency. 7 Surface 

coverage, 8 can be defined as the number of adsorbate atoms per unit area (N ads) 

compared to the number of surface atoms per unit area (N5 ) . This can be is expressed 

as. 8 

5.1 

Using this expression, the maximum amount of adsorbate in a monolayer is when 

8=1. However, this does not indicate how quickly adsorption occurs. Prediction of 

chemical kinetics is significant for designing adsorption systems and explaining the 

rate of chemical reactions. The kinetics of dye sorption can be illustrated as two 

steps, the kinetics of the rate of surface reactions and the rate of diffusion which in 

the mesoporous TiO2 films is the rate controlling step.9 Pseudo-first and second 

order equations and intraparticle diffusion have been used to examine the mechanism 

of dye sorption from solution. 10 Lagergren' s paper expressed the pseudo-first order 

rate equation for the liquid-solid adsorption system 11 as follows: 

5.2 

Where qe and qt are the amounts of dye adsorbed at equilibrium and at time (t) 

respectively, and k 1 is the rate constant of the pseudo first-order reaction. 

On integration, this gives 

5.3 

After integration by applying the conditions (q1 =0, at t =0, and qt =q1 , at t =t) and 

Eq. 5.3 becomes 

constant= -ln qe 5.4 
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Substituting Eq. 5.4 into Eq. 5.3 we obtain; 

5.5 

Rearranging Eq. 5.5 for the logarithms and linearized data gives: 

5.6 

By comparison, the pseudo-second order kinetic rate equation is described as 12: 

dqt 
- k (q - qt)2 dt - i e 5.7 

Integrating Eq. 5.7 for the boundary conditions t = 0, to t = t and qt = 0 to qt·= qt 

gives:-

t 1 t 
- = - -+ 
qt k2q~ qe 

5.8 

Where qe is the amount of sorbate adsorbed at equilibrium, t is the reaction time, q1 

is the amount of sorbate adsorbed at time t and k2 is the equilibrium rate constant of 

pseudo-second order sorption. Using this equation, plotting 1/q1 versus twill give a 

straight line with slope 1/ qe and intercept l/k2q/ which can be used to calculate the 

equilibrium rate constant (k2). 

5.3 Aim of study 

The aim of the work in this chapter was to investigate the rates of dye adsorption on 

Ti02 photo-electrodes to understand the mechanisms controlling dye loadings. Other 

aims included studying dye loadings versus time by ultra-fast dyeing, and the 

kinetics of co-adsorption using more than one dye. 
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5.4 Results and discussion. 

5.4.1 Kinetics of passive adsorption of YD on TiO2• 

An initial study was carried out into kinetic studies for the sensitizer adsorption onto 

TiO2 DSC devices using adsorption of the yellow triphenylamine dye, 4-[2-( 4-

diphenylaminophenyl)vinyl]benzoic acid (YD) shown by the chemical structure in 

Figure 5.2. The COOH group of YD can interact with O-H groups on the surface of 

Ti 02. The rate of reaction by passive adsorption has been investigated to compare 

with the adsorption rate constant by ultra-fast dyeing. 

Q 
N 

COOH 

d 
Figure 5.2: Chemical structure of (E)-4-(4-(diphenylamino)styryl)benzoic acid 

(YD).13 

The amount of YD dye loaded onto TiO2 films as a function of time was obtained by 

measuring the absorbance of the amount of desorbed dye from TiO2 at various times. 

To start with, an initial YD concentration of 1.2 mM was used and TiO2 films were 

passively dyed. To do this, several TiO2 films (2 x 0.5 cm) were sintered at 450 °c 
for 30 minutes. After being cooled these were immersed in a pot containing YD (100 

ml, 1.2 mM). At fixed times, the TiO2 films were removed, and the amount adsorbed 

of dye was calculated by desorption using 40 mM of Bu4NOH. The YD loadings 

were plotted against time and Figure 5.3 shows that passively dyeing YD was faster 

in the initial stages, then showed a decreasing pattern and finally became constant 

showing saturation of the TiO2 film occurs after ca. 6 h after upon which the dye 

loading remains reasonably constant at 75µg.cm-2. The amount of dye desorbed was 

calculated using the molar extinction coefficient of YD after measuring the 

absorbance of each desorption solution as shown in Figure 5.4. The dye loadings 

were measured by dye desorption from TiO2 surface in alkali solution. Therefore the 

amount of dye adsorbed into TiO2 film ( cm2) can be calculated by the following 

equation. 
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5.9 

Where Qe the amount of adsorbed dye (µg.cm-2), Ce is the concentration of dye 

desorption (µg.mr1), V volume of alkaline used for desorption (ml) and A is the 

surface area of the Ti02 film (cm2). 
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Figure 5.3: Effect of contact time of dyed of yellow triphenylamine dye (1.2 mM) 

passively dyed on Ti02 films (0.5 x 2 cm) measured by desorption using in Bu4NOH 

( 40 mM) followed by UV-visible spectroscopy measuring at 385nm. 
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Figure 5.4: UV-Vis Spectra of desorbed yellow dye at various dyeing times using 

passive dyeing. 
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The adsorption kinetics for YD adsorption on TiO2 can be expressed by the 

concentration change with time (t), according to the equation: 

5.10 

Where k is reaction constant and n and m represent the reaction order. The [TiO2] 

represents the concentration of the adsorption sites in the TiO2 film which can be 

expressed as [Ti02: YD]oo - [Ti02 : YD]t where [TiO2:YD]oo represents the saturated 

amount of the adsorbed dye. And [TiO2:YD]t represent the concentration of dye 

adsorbed at time t, Thus, the concentration of [YD] can be set constant because of 

almost no change during the adsorption, therefore Eq. 5.10 can be rewritten as 

follows; 

d[YD : Ti02 ] 
r =----

dt 

And rate ofreaction equal to: 

d([TiOz: YD] 00 - [TiOz : YD]t) 
dt 

5.11 

By combination equation 5.11 with equation 5.12 we can obtain equation 5.13 

d[YD: Ti02 ] . . 

dt = k([TiOz: YD] 00 - [Tr02 : YD]t) n 5.13 

The maximum amount of adsorbate which is adsorbed in first layer is usually called 

the monolayer and when the TiO2 surface is fully covered by dye molecules 0 =l. 

The coverage TiO2 surface can be expressed by 0 which is defined as [Ti02 : YD]t! 

[Ti02 : YD] oo and the uncovered TiO2 surface at period times is (1 - 0). Therefore the 

pseudo-first order reaction can be written as the following equation: 

d(l - 0) 
- --=k (1-0) 

dt 1 

Integrating (Eq. 5.12) for the boundary conditions 
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The coverage 0 is the fractional number of adsorbed molecules per unit area on the 

TiO2 surface which can be calculated from Equation 5.1. The reaction rate of the 

first order reaction for the YD adsorption can be obtained from Eq.5.15. The 

amounts of YD passive dyed on TiO2 films with dyeing times and the parameters 0 

which is the ratio of the amount of desorbed dye at time= t to the maximum amount 

of desorbed dye , and then t/qt with ln(l - 8) were found and are listed in Table 5.1 

The first order rate constant was determined from the plot between ln(l - 0) versus 

adsorption time for the passive adsorption of YD on TiO2 films as shown in Figure 

5.4. This gives a slope equal to (- k) which is 6.7 x 10-3 min-1• 

0 

-0.5 

-1 -~ 
6 -1.5 
.s 

-2 

-2.5 

-3 
0 
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y = -0.0067x + 0.0733 
R2 = 0.896 

100 200 

♦ 

300 

Adsorption time / min-1 

400 

Figure 5.4: Dye coverage (8) versus adsorption time for (1.2 mM) of yellow dye 

based on pseudo-first order reaction. 

As discussed previously the pseudo-second order kinetics may be expressed in a 

linear form using Eq. 5.5. The parameter t/qt from Table 5.1 for the passive 

desorption of YD on TiO2 was plotted versus time (Figure 5.5) which gives an 

equilibrium adsorption capacity qe (determined from the slope) of 87.7 µg.cm-2. The 

second order constant k2 was determined from the intercept as 9.8 x 10-5 cm2.µg-

1 .min-1
• The correlation for passive dyed YD onto TiO2 films were R2 = 0.896 from 

the first order model and R2 = 0.981 from second order was indicating a better fit for 

the latter. This suggests that the adsorption does depend on the initial concentration 

ofYD. 
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Table 5.1: The data of the amount of YD loaded passively on TiO2 at interval time 

with kinetic parameters. 

Dyeing 

time 

(min.) 

20 

40 

60 

80 

120 

180 

240 

300 

900 

1040 

Abs. 

0.101 

0.170 

0.302 

0.420 

0.526 

0.557 

0.735 

0.987 

1.215 

1.318 

1.311 

cone.of 

YD 

mg.L-1 

1.22 

2.05 

3.65 

5.07 

6.36 

6.73 

8.88 

11.93 

14.69 

15.93 

15.85 

6.10 

10.28 

18.25 

25.39 

31.80 

33.67 

44.43 

59.67 

73.45 

79.63 

79.25 

e 1- 0 

0.07 0.93 

0.12 0.88 

0.22 0.78 

0.31 0.69 

0.39 0.61 

0.42 0.58 

0.50 0.5 

0.79 0.26 

0.91 0.09 

0.99 0.01 

0.98 0.02 

195 

ln(l-8) 

-0.07 

-0.13 

-0.25 

-0.37 

-0.50 

-0.54 

-0.70 

-1.35 

-2.40 

-4.60 

-3.91 

1.64 

1.94 

2.19 

2.36 

2.51 

3.56 

4.05 

4.02 

4.08 

11.30 

13.60 
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Figure 5.5: Plot of tlqt versus time (minutes) based on pseudo-second order reaction 

model for the adsorption of YD (1.2 mM) passively dyed on TiO2 

5.4.2 Kinetic study of ultra-fast dyeing YD on TiO2• 

The rate of adsorption YD on TiO2 photo-electrode as a function of time has also 

been studied using the ultra-fast dyeing method to compare with the rate of 

adsorption by passive dyeing, and also to study the effect of dyeing time on DSC cell 

perfonnance. In this case YD (1.5 ml, 1.5 mM) was pumped through the device 

cavity on a hotplate at 50 °C for various periods of time. The amount of dye sorption 

was measured at different times by desorbing the dye using Bu4NOH(aq) followed by 

UV-Vis spectroscopy, (Figure 5.6). 
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Figure 5.6: UV-Vis spectra of YD solutions desorbed from TiO2 photo-electrodes 

by Bu4NOH after fast-dyeing for the time periods shown. 
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The amounts of adsorbed dye (µg.cm-2) after different periods of fast dyeing (0-10 

minutes) were plotted versus time minutes as shown in Figure 5.7 for the ultra-fast 

sorption of YD on TiO2 film in DSC device. The YD surface coverage on TiO2 at 

different times was calculated by the fractional amount of dye uptake at specific time 

with the maximum amount of dye adsorption at equilibrium, and all experimental 

data are presented in Table 5.2. The result shows the amount of adsorbed YD on 

TiO2 working electrode increased fastest in initial stages. However, the TiO2 surface 

did not saturate by ultra-fast dyeing presumably because more dyeing time was 

needed. 
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Figure 5.7: Graph to show adsorbed dye versus time for ultra-fast dyeing of YD 

(initial cone. = 1.5 mM) on TiO2 measured by desorption in Bu4NOH solution. 
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Table 5.2: Experimental data for the kinetic study of ultra-fast dyeing of YD 1.5 mM 

on 1 cm2 ofDSL-18NRT film measured by desorption using Bu4NOH solution. 

Time 

(min.) 

1 

2 

3 

4 

5 

7 

10 

Abs. 

0.253 

0.316 

0.42 

0.461 

0.535 

0.606 

0.987 

Con. 

L -1 mg. 

3.06 

3.82 

5.07 

5.57 

6.47 

7.30 

11.93 

qt 

/ 
-2 µg.cm 0 1-0 ln(l-0) tlqt 

30.6 0.25 0.75 -0.29 0.032 

38.2 0.32 0.68 -0.39 0.052 

50.7 0.42 0.58 -0.54 0.059 

55.7 0.46 0.54 -0.62 0.071 

64.7 0.54 0.46 -0.78 0.077 

73.0 0.61 0.39 -0.94 0.095 

119.3 1.00 0.00 E 0.083 

The kinetic rate constant for the sorption of YD on Ti02 by ultra-fast dyeing was 

calculated from the data in Table 5 .2 using Eq. 5 .15 for the pseudo-first order kinetic 

model. Figure 5.8 shows plot of ln(l - 0) versus time (min) which gives a slope 

equal to (-k) which is 11.1 x10·2 min·1 with a coefficient correlation (R2 = 0.989). In 

this case, suggest that the adsorption of YD on Ti02 particles by ultra-fast dyeing 

depends on the initial concentration of YD. 
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Figure 5.8: Plot ofln (1 - 8) versus time (min) using a pseudo-first order model 

for YD (1.5 mM) ultra-fast dyed on TiO2 film. 

The adsorption of YD on TiO2 may also be described by a pseudo-second order 

model, shown in linearised form in Eq. 5.8. Hence, as discussed earlier, a plot of 

t/qt against t should give a linear relationship as shown in Figure 5.9 which gives 

a coefficient correlation (R2 =0.970). The rate constant k2 from the slope gives 

3.5 x 10·3 cm2.µg" 1 .min ·1 and the adsorption capacity at equilibrium qe was 

calculated from the intercept as 101.01 µg.cm·2. 
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Figure 5.9: Plot oft/qt versus time (t) for the pseudo-second order model for YD 

(1.5 mM) ultra-fast dyed on TiO2 films. 
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All kinetic parameters determined for the pseudo-first order and pseudo second order 

models applied to the passive adsorption YD and ultra-fast adsorption on TiO2 with 

correlation coefficients are described in Table 5.3. The data shows that the 

adsorption of YD on TiO2 films by passive adsorption most closely follows a 

pseudo-second order model giving a rate constant k2 =9.8 x 10-5 cm2.µg-1 .min-1 with 

an equilibrium adsorption capacity equal to 87.72 µg.cm-2• By comparison, the 

sorption of YD by ultra-fast dyeing gave similar correlation coefficients for both a 

pseudo-first order or pseudo second order model. The rate of pseudo-first order and 

pseudo second order rate constants for the ultra-fast adsorption of YD were 

determined from Figures 5.8 and 5.9 to be 11.16 x 10-2 min-1 and 3.5 x 10-3 cm2.µg-

1.min-1, respectively. The calculated equilibrium adsorption capacity of YD by ultra

fast adsorption is higher than passive adsorption. 

Table 5.3: Kinetic parameters for either passively dyed, or ultra-fast dyed YD on 

DSL-18NRT TiO2 films. 

Adsorption method Pseudo-first order 

Passive adsorption 6.7 x10-3 0.896 

Ultra-fast adsorption 11.16 x10-2 0.989 

Pseudo-second order 

k2 /cm2. µg-

1. min - t 

9.8 X 10-S 

3.5 X 10-3 

0.981 

0.970 

5.4.3 Photovoltaic measurements of sensitization YD. 

87.72 

101.01 

The I-V data for YD dyed DSC devices were measured as a function of dyeing time, 

(Figure 5.10), and the corresponding dye loading was measured by desorbing with 40 

mM Bu4NOH followed by UV-visible spectroscopy (Table 5.4). The data show that 

the efficiency increased with dye loading as shown in Figure 5.10 and J sc increased 

with increasing dye loading on the TiO2 surface as shown in Figure 5.11. The reason 
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is that more dye molecules on the TiO2 surface leads to a more complete monolayer 

of chemisorbed dye molecules which led to more electron injection into the TiO2 

conduction band. On the other hand, the V oc and fill factor do not appear to be so 

strongly influenced by dye loading. 

Table 5.4: I-V data for a DSL-18NRT device dyed with YD (1.5 mM) in 10 mM 

CDCA with the amount of desorbed dye by µg.cm·2 at interval time in fast dyeing. 

(Approximate errors on devices are ± 10% of the values shown). 

Amount of 
Time J SC desorbed 
(min) 11 (%) Yoe (V) /mA.cm·2 FF dye /µg.cm·2 

1 1.16 0.62 2.81 0.66 30.6 

2 1.45 0.62 3.48 0.67 38.2 

3 1.62 0.63 3.82 0.66 50.7 

4 1.97 0.65 4.56 0.66 55.7 

5 2.10 0.65 4.88 0.66 64.7 

7 2.21 0.66 5.18 0.64 73.2 

10 2.81 0.61 6.92 0.67 119.3 
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Figure 5.10: Plot Tl versus dye loading at different dyeing time for ultra-fast dyed 
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Figure 5.10: 1-V data for ultra-fast YD (1.5 mM) sensitized DSC device measured at 

different dyeing times. 

The results show that it is possible to study the kinetic of YD adsorption by ultra-fast 

dyeing on TiO2 DSC device, then using Bu4NOH for desorption. These data were 

useful in the context of the co-sensitization of YD with N719 in the following 

section. Therefore, the data were useful to study the effect of competitive of dye 

adsorption in a mixed dye solution onto TiO2 film. 

5.5 Kinetics of co-adsorption of mixed YD and N719 solution by ultra-fast 

dyeing on TiO2 • 

Co-sensitization is an effective approach to enhance the photovoltaic properties of 

the DSC through a combination of two or more dyes sensitized together on a 

semiconductor film. Therefore a kinetic study for co-adsorption of more than one dye 

on TiO2 film is important. Because the competition between the dyes molecules into 

the sites of TiO2 reduces the equilibrium time which effects on the device 

performance. 
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5.5.1 Study of the effects of dyeing time 

The dye uptake of mixed N719:YD solutions by ultra-fast dyeing as a function of 

time has been studied by the selective removal of the dyes after different dyeing 

times. Figure 5.11 shows a plot of the amount of adsorbed dye (µg.cm-2
) versus time 

using a solution containing N719 (1 ml, 1 mM) mixed with YD (1 ml, 1.5 mM) in 10 

mM CDCA giving (1 :1.5 c/c) N719:YD by the concentration ratio. The dye solution 

was pumped through a device cavity for various times at flow rate 100 µl.min- 1
• 

After each minute of dyeing redox electrolyte (13"/r) was added for 1-V 

measurements. To quantify dye loading at a various times, after each minute of 

dyeing and I-V measurements, the electrolyte was removed by ethanol (as discussed 

in chapter three). The dye was then desorbed using alkali solution, so the absorbance 

of the desorbed dye solution was the measured using UV-visible spectrophotometer. 

Ma 250 
• (.J 

0:0 =- 200 --~ ;;,... 
"O 
"O 150 ~ 

.l:J 
i.. 
0 • ■ N719 "' "O 100 co: ■ ... 
0 .... = 50 = 0 
8 
< 0 

0 2 4 6 8 10 12 
time/min 

Figure 5.11: Effect of contact time for the ultra-fast dyeing of mix N719: YD (1 :1.5 

mM) on l cm2 ofTiO2 film, measured by selectively desorption with N719 desorbed 

by LiOH (100 mM) and YD desorbed using t-Bu4NOH (40 mM). 

In these measurements N719 was removed by 0.1 M LiOH after each dyeing time 

and the UV-vis absorbance measured for the desorbed dye solutions. Figure 5.12 

shows the UV-Vis spectra for LiOH(aq) desorbed N719 at different dyeing times. 
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Because YD was not removed by LiOH, the YD loading was desorbed with 40 mM 

Bu4NOHcaq) and the UV-vis spectra are presented in Figure 5.13. 
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Figure 5.12: UV-Vis spectra for N719 desorbed by LiOH (100 mM) from a 1 cm2 of 

DSL-18NRT device after dye uptake from a mixed N719:YD ( lmM: 1.5 mM) in 10 

mM CDCA solution at the dyeing times shown. 
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Figure 5.13: UV-Vis spectra of YD desorbed by Bu4NOH(aq) from a 1 cm2 ofDSL-

18NRT device which had been ultra-fast dyed from a mixed N719 (1 ml, 1 mM) : 

YD (1ml, 1.5 mM) in 10 mM CDCA solution at the dyeing times shown. 
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5.5.2 Determination of rate constants for N719: YD co-sensitization. 

To determine the rate constants for the adsorption of N719 and YD from mixed 

solutions onto TiO2 surfaces by ultra-fast dyeing was found by selective desorption. 

The kinetics of each dye was studied separately. The concentrations ofN719 and YD 

dyes desorbed at varying time were determined from the UV-Vis spectra of each of 

N719 in Figure 5.15 and YD as shown in Figure 5.13. The amounts of desorbed 

N719 and YD dye (qt) at the specific time were measured by the Eq. 5.9. The surface 

coverage 0 at every time was calculated by divided the amount of dye desorbed to 

the maximum amount of desorbed dye. The desorbed dye concentrations and surface 

coverage 0 and the amount of dye desorbed values were found and are listed in Table 

5.5 for YD adsorption and in Table 5.6 forN719 adsorption on TiO2 surface. 

The dye uptake data from the ultra-fast adsorption of mixed solution ofN719:YD (1 

mM: 1.5 mM) has been modelled using pseudo first-order and second order models. 

The data from the calculations to determine the rate constants for the pseudo-first 

order model for YD and N719 are shown in Tables 5.5, and 5.6, respectively. These 

data were used to plot ln(l-8) versus time giving a rate constant, k 1 equal to 0.173 

min-1 for N719 adsorption and 0.396 min-1 for YD adsorption. 
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Table 5.5 : Kinetic data for the ultra-fast dyeing of YD on a TiO2 film from a mixed 

solution ofN719 (1ml, 1 mM) :YD (1 ml, 1.5 mM) in 10 mM CDCA. 

Dyeing Cone. 

Time ofYD qt/ 

(min) Abs mg.L-1 µg.cm -2 8 1-8 ln(l -8) t/qt 

1 0.204 2.4 24.6 0.15 0.54 -0.78 0.04 

2 0.219 2.64 26.4 0.40 0.59 -0.89 0.08 

3 0.276 3.33 33.3 0.49 0.75 -1.39 0.09 

4 0.298 3.60 36.0 0.51 0.81 -1.66 0.11 

5 0.31 1 3.76 37.6 0.68 0.84 -1.83 0.13 

7 0.354 4.28 42.8 0.70 0.96 -3.22 0.16 

12 0.367 4.43 44.3 1.00 0.00 E 0.27 

Table 5.6: Kinetic data for the ultra-fast dyeing ofN719 on a TiO2 film from a 

mixed solution ofN719 (1ml, 1 mM) :YD (1 ml, 1.5 mM) in 10 mM CDCA. 

cone. 

Dyeing of 

Time N719 qt/ 

(min) Abs mg.L-1 µg.cm-2 8 1-8 ln(l -8) t/qt 

1 0.029 3.63 36.3 0.15 0.85 -0.16 0.027 

2 0.077 9.63 96.3 0.40 0.60 -0.51 0.020 

3 0.094 11.75 117.5 0.49 0.51 -0.67 0.025 

4 0.098 12.25 122.5 0.51 0.49 -0.71 0.032 

5 0.230 16.25 162.5 0.68 0.32 -1.14 0.013 

7 0.132 16.50 165.0 0.70 0.30 -1.2 0.040 

12 0.189 23.63 236.2 1.00 0.00 E 0.050 
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Figure 5.14: Plot ln(l-0) versus time (min) based on a pseudo-first order model for 

the ultra-fast dyeing of a mixed N719:YD solution (1 mM:1.5 mM), (red 

triangles) show N719 data, and blue squares show YD data. 
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Figure 5.15: Plot (t/qt) versus time (min) based on a pseudo-second order model for 

the ultra-fast dyeing of a mixed N719: YD solution (1 mM: 1.5 mM) , blue 

squares show N719 data, and red triangles show YD data. 

To investigate the mechanism of adsorption of a mixed solution of N719:YD on 

Ti 02, a pseudo-second order model was also fitted to the experimental data in Tables 

5.5 and 5.6. The plot t/qt versus t gives a slope and intercept which were used to 
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determine pseudo-second order rate constant k2 and equilibrium adsorption capacity 

of YD and N719 loading on TiO2 in the same device. 

All the kinetics parameters for the two different models are listed in Table 5.7. The 

data show that N719 gives a slightly better fit to the pseudo-first order model with a 

better correlation coefficient for this plot. The data showed YD a slightly better 

compliance with the pseudo-second order model which is reflected by the higher 

correlation coefficient for a linear plot oft/qt versus t. The results show a value of qe 

(49.75 µg.cm-2) for YD sorption from the pseudo-second order which is slightly 

higher than the experimental data that was calculated to be 44.3 µg.cm-2. But N719 

shows calculated value of qe (384.6 µg.cm-2) which is higher than the experimental 

value which is equal to (236.25 µg.cm-2), which suggests incomplete N719 coverage 

by ultra-fast adsorption. 

Table 5.7: Kinetic parameters for the ultra fast dyeing of a mixed N719: YD 

(lmM:1.5 mM) by the same volume in 10 mM CDCA at room temperature. 

Dye Pseudo-first order Pseudo-second order 

k2 /cm . µt 

k1 /min-1 R2 I • -I .mm / -2 qe µg.cm R2 

YD 0.396 0.940 1.4 x10-2 49.75 0.995 

N719 0.173 0.912 3.4 X 10-4 384.6 0.889 

5.5.3 Effect of adsorption time of mixed N719:YD solutions on DSC device 

performance. 

DSC device perfonnance as a function of dyeing time has also been investigated, 

since it has been shown that the amount of dye uptake varies with time. Table 5.8 

shows the photovoltaic parameters for a TiO2 device dyed with mix N719:YD 

solution (1 mM:1.5 mM) by ultra-fast dyeing at different dyeing times. The results 

show that the efficiency increases with dyeing time presumably due to increasing dye 

loading. This leads to increasing J sc, because the dye loading increased by the 
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adsorption time. Figure 5.16 show 1-V curves for different dyeing times for the 

sensitized a mixed N719:YD solution (1 mM:1.5 mM) in 10 mM CDCA. 

Table:5.8: 1-V data of lcm2 DSL-18NRT device ofTiO2 ultra-fast dyed with a 

mixed N719:YD solution (lmM:1 mM) in 10 mM CDCA as a function of time after 

each desorption using LiOH (100 µl, 100 mM) for desorbingN719 and Bu4NOH 

(200 µl, 40mM) for desorbing YD. (Approximate errors on devices are± 10% of the 

values shown). 

J SC qt N719 qt of YD/ 

Time l1 (%) Yoe (V) /mA.cm-2 FF /µg.cm-2 µg.cm-2 

1 3.23 0.67 7.37 0.65 36.3 24.6 

2 4.24 0.60 11.02 0.64 96.3 26.4 

3 4.68 0.64 11.55 0.63 117.5 33.3 

4 4.86 0.60 12.99 0.62 122.5 36.0 

5 5.31 0.63 13.18 0.64 162.5 37.6 

7 5.87 0.62 15.32 0.62 165.0 42.8 

12 7.07 0.71 15.76 0.63 236.3 44.3 
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Figure 5.16: 1-V data for a DSC device ultra-fast dyed with a mixture ofN719: YD 

(1 mM: 1.5 mM) as a function of dyeing time. 
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5.6 A study of the Kinetics of ultra-fast adsorption of 6.4 % SQl: N719 on TiO2 

photo-electrodes. 

5.6.1 Effect of contact time. 

A mixed SQ1:N7l9 solution was prepared by mixing SQl (2 ml, 0.24 mM with 

N719 (3 ml, 2.5 mM). The final concentration of each dye was calculated 

theoretically, giving 0.096 mM for SQl and 1.5 mM for N719 and the ratio of 

SQl :N719 was calculated to be (6.4% SQl c/c). But the real concentration for each 

dye was determined from the UV-Vis spectrum of the final solution (Figure 5.17). 

By using the molar extinction coefficient for each dye, which were determined in 

chapter three, the SQl concentration was determined from the peak at 636 run to be 

0.1 mM, and the N719 concentration was measured at 530 run giving 1.8 mM. In this 

case the concentration ratio for SQ 1 :N719 was measured to be 5% which was used in 

this experiment. The dye uptake from this solution was then studied to try to 

understand the mechanism of mix SQ1:N719 loading on TiO2 surfaces. The 5% 

SQl :N719 was chosen because co-sensitizing TiO2 by this ratio of dye has 

previously given best device efficiency. 14 
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Figure 15.17: UV-Vis spectrum of the mixed stock solution 5 % SQl :N719 (0.24 

mM: 2.5 mM) diluted 100 times used for kinetic study of ultra-fast dyeing. 
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The ultra-fast adsorption of 5% SQ 1 :N719 at different dyeing times was then 

examined by measuring the dye loadings using selective desorption. First dye 

solution was pump dyed through a device cavity for a period of times at a rate 100 

µl.min-1
. Then after each minute 13 ·;r electrolyte was added and the I-V was 

measured. To quantify dye loading after each minute, the N719 was desorbed using 

LiOH (100 µl, 100 mM), followed by desorbing SQl using Bu4NOH (100 µl, 40 

mM). The UV-visible spectrum for the dyes desorption were measured using UV

visible spectroscopy. Figure 5.18 shows the UV-Vis spectra of the N719 desorbed 

by LiOH with different time and Figure 5.19 shows the UV-Vis spectra of the SQl 

desorbed by Bu4NOH at different dyeing times. The amount of dye adsorption for 

each dye at the specific time was then calculated from the absorbance of desorbed 

dye solution using the molar extinction coefficient of each dye. The surface coverage 

0 has also been estimated from the ratio of equilibrium maximum adsorption to the 

adsorption at time t. Thus, all the kinetic parameters of N719 adsorption from a 

mixed 5 % SQl :N719 solutions are listed in Table 5.9, and the kinetic parameters for 

SQl are listed in Table 5.10. 
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Figure 5.18: UV-Vis spectra for N719 desorbed N719 by LiOH (100 mM) from a 

DSL-18NRT device for different ultra-fast dyeing times as shown. Initial dyeing was 

from a 5% SQ1:N719 solution 
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Figure 5.19: UV-Vis spectra for SQl desorbed by Bu4NOH (40 mM) from a DSL-

ISNER device for different ultra-fast dyeing times as shown. Initial dyeing was from 

a 5% SQ1:N719 solution (2 ml, 0.24 mM: 3 ml, 2.5 mM). 

Table 5.9: Kinetic data for N719 ultra-fast dyed from a mixed 5% SQl :N719 (0.24 

mM:2.5 mM) solution on a lcm2 DSL-18NRT device. 

Dyeing qt for 

time Ce for N719 N719 

(mins) Abs (mg.L-1
) 

-2 µg.cm e 1-0 ln(l -0) t/qt 

1 0.039 4.87 48.75 0.17 0.83 -0.19 0.020 

2 0.061 7.50 75.00 0.26 0.74 -0.30 0.026 

3 0.085 10.62 106.20 0.37 0.63 -0.46 0.028 

4 0.118 14.75 147.50 0.51 0.49 -0.71 0.027 

5 0.136 17.00 170.00 0.59 0.41 -0.89 0.029 

7 0.151 18.87 188.75 0.66 0.34 -1.08 0.037 

10 0.166 20.87 208.75 0.73 0.27 -1.31 0.047 

12 0.021 25.00 250.00 0.87 0.13 -2.04 0.048 

16 0.231 28.85 285.00 1.00 0.00 E 0.059 
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Table 5.10: Kinetic data for SQl ultra-fast dyed from a mixed 5% SQl :N719 (0.24 

mM: 2.5 mM) solution on 1 cm2 DSL-18NRT device. 

Dyeing q1 for 

time CeforSQl SQl 

(min) Abs. (mg.L-1
) µg.cm-2 0 1 - 0 ln(l-0) tlqt 

1 0.011 0.044 0.44 0.37 0.63 -0.462 2.27 

2 0.014 0.052 0.52 0.44 0.56 -0.579 3.84 

3 0.017 0.062 0.62 0.52 0.48 -0.733 4.83 

4 0.020 0.074 0.74 0.62 0.38 -0.967 5.4 

5 0.022 0.081 0.81 0.68 0.32 -1.139 6.17 

7 0.027 0.098 0.98 0.83 0.17 -1.77 7.14 

10 0.031 0.114 1.14 0.96 0.04 -3.21 8.77 

12 0.031 0.115 1.15 0.97 0.03 -3.506 10.43 

16 0.032 0.118 1.18 1 0 E 13.55 

The effects of dyeing time on the ultra-fast adsorption ofN719 on Ti02 are shown in 

Figure 5.20. The dye was rapidly adsorbed in the first 5 minutes because the dye 

molecules can find more unoccupied sites on the Ti02 surface at the beginning of the 

adsorption. Then the adsorption rate gradually shows and reached a loading of 285 

µg.cm-2 after 16 min. However, according to the theoretical maximum sorption for 

N719 the Ti02 surface does not appear to saturate by ultra-fast dyeing in this time 

frame. The effect of dyeing time on the adsorption of SQl from a mixed 5 % 

SQl :N719 solution is shown Figure 5.21. The data show that the SQl dye was 

rapidly adsorbed in the first 5 minutes, and then the adsorption rate also decreased 

because there was no more space on theTi02 surface for dye to adsorb on it. 

However, the Ti02 surface did not reach saturation by ultra-fast dyeing. The 

maximum amount of SQl adsorption by ultra-fast dyeing from mixed 5% SQl :N719 

was 1.18 µg.cm-2, and the adsorption of mixed dye solution probably due to the 

particle charges. 15 
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Figure 5.20: Effect of contact time for N719 ultra-fast from a mixed 5% SQl :N719 

(0.24 mM, 2.5 mM) solution on lcm2 of TiO2 films, measured by selectively 

desorption ofN719 by LiOH (100 mM). 
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Figure 5.21: Effect of contact time for SQl ultra-fast dyed from a mixed 5% 

SQl :N719 dye solution on lcm2 ofTiO2 films, measured by selectively desorption, 

ofSQl by Bu4NOH (40 mM). 
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5.6.2 Comparison of kinetic models for ultra-fast adsorption of N719 and SQl 

from a mixed 5 % SQ1:N719 solution. 

Kinetic data for N719:SQ1 were analyzed using pseudo first-order and pseudo 

second order equations as discussed previously for N719:YD. For the determination 

of adsorption rate constants using the different kinetic models, the data in Tables 5.9 

and 5.10 were used. The first-order rate constants were determined from a plot 

between ln(l-0) versus time, (Figure 5.22) which shows k 1 equal to 0.153 min-1 for 

N719 and 0.301 min-1 for SQl. The first-order rate constants for mixed 5% 

SQ1:N719 adsorption are similar to rate constants of mixed YD:N719 adsorption by 

ultra-fast dyeing which are qual to 0.173 min-1 for YD and 0.396 min-1 for N719. 
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Figure 5.22: Plot of ln(l-0) versus time based on a pseudo first order model for the 

ultra-fast dyeing of a mixed 5% SQ1:N719 (0.24mM:2.5 mM), [red triangles are for 

SQl, and blue squares are forN719]. 

The pseudo-second order kinetic model applied was also studied to determine the 

adsorption rate constants using the data in Tables 5.9 and 5.10. The second order rate 

constants were estimated from the plot oft/qt versus time (t). Figure 5.23 presents 

plot of the pseudo-second order kinetic for N719 adsorption and Figure 5.24 shows 

the equivalent data for SQl adsorption on Ti02. 
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Figure 5.23: Plot oft/qt against time according to the pseudo- second order kinetic 

model for the ultra-fast adsorption ofN719 from a mixed SQl :N719 (0.24 mM: 

2.5mM) solution on TiO2 • 
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Figure 5.24: A Plot oft/qt versus time (minutes) according to the pseudo- second 

order kinetic model for the ultra-fast adsorption of SQ1 from a mixed 5% SQl :N719 

(0.24 mM: 2.5 mM) on TiO2 . 
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All kinetic parameters were detennined for the pseudo-first and pseudo-second order 

plots and the data are presented in Table 5.11. The calculated value of qe for SQl 

adsorption using the pseudo-second order model (1 .45 µg.cm-2
) is in agreement with 

experimental data (1.18 µg.cm-2) with (R2 =0.987). However the calculation of qe for 

N719 adsorption is 400 µg.cm ·2from the pseudo-second order model which is higher 

than experimental data (285 µg.cm-2
) . This means the surface ofTiO2 does not reach 

saturation by ultra-fast dyeing for N719. The result shows a better linearity was 

obtained for the pseudo-second order model of the N719 and SQl adsorption on 

TiO2 in a mixed 5% SQ1:N719. The rate constant k2 of SQl is higher than k2 of 

N719, which suggest that the adsorption of SQl on TiO2 surfaces is faster than the 

loading N719 on the TiO2 surface. 

Table 5.11: Kinetic parameters for the ultra-fast adsorption of a mixed solution of 

5%SQ1 :N719 with initial concentration [N719 (3 ml, 2.5 mM) and SQl (2 ml, 0.24 

mM)] in 10 mM CDCA at room temperature. 

Dye Pseudo-first order Pseudo-second order 

k2 / cm2µg"1 min qe/ 

k1 (min-1) R2 - I µg.cm-2 R2 

N719 0.153 0.958 3.3 x10·4 400.00 0.979 

SQl 0.301 0.968 0.203 1.45 0.987 

5.6.3 Effect of adsorption time of 5%SQ1:N719 on DSC device measurements. 

The cooperation of squaraine dyes which harvest red and near-IR light, and Ru(II) 

polypyridine complexes which absorbs blue and green light efficiency can lead to a 

more panchromatic sensitizing system for DSCs than for individual dyes 16
• The 

chemical interaction between the dye molecules and TiO2 surface is important for 

the development efficiency in DSCs. Since the dye loading on TiO2 surface depends 

on adsorption time, therefore the device performance should also vary with 

adsorption time. Figure 5.25 shows photocurrent-voltage curves for a TiO2 device 
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dyed with 5% SQl :N719 as a function of time. The relevant photovoltaic parameters 

are listed in Table 5.12. The data show that efficiency increases with increasing 

adsorption time due to increasing photocurrent density as a result of increasing dye 

uptake. Figure 5.26 shows the pictures of TiO2 device dyed with 5 % SQ1:N719 

over time. The device shows a blue colour during the first three minutes of dyeing, 

which suggests SQl adsorption is faster than N719. After five minutes, the device 

colour from becomes dark violet, because the amount of N719 adsorbed increases 

with increasing time. 

- lmin 

--- - 2min 
- 3min 
- 4min 
- 5min 
- 7min 
- lOmin 
- 12min 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 
Voltage (V) 

Figure 5.25: I-V data for ultra fast dyed DSC with a mix of5% SQ1:N719 (0.24 mM 

:2.5 mM) solution as a function of dyeing time. 

Table 5.12: Photovoltaic parameters for lcm2 ofDSL-18NRT device ultra-fast dyed 

with a mix of 5% SQl :N719 (0.24 mM: 2.5 mM) as a function of time. 

(Approximate errors on devices are± 10% of the values shown). 

Jsc/ qt qt 

time 17 (%) Y oe (V) mA -2 .cm FF N719/µg.cm-2 SQl/µg.cm-2 

1 2.2 0.63 5.05 0.68 48.7 0.44 

2 2.4 0.71 5.12 0.67 75.0 0.52 

3 3.3 0.72 6.69 0.67 106.2 0.62 

4 5.5 0.75 11.22 0.65 147.5 0.74 

5 5.8 0.75 11.62 0.66 170.0 0.81 

12 7.0 0.74 14.45 0.66 250.0 1.15 

16 7.3 0.75 14.92 0.67 285.0 1.18 
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Figure 5.26: Photographs of a TiO2 device (dimensions 0.5cm x2 cm) ultra-fast dyed 

with 5% SQl: N719 solution (0.24mM: 2.5 mM) at different dyeing times (a) before 

dyeing (b) after 1 minute (c) after 3 minutes (d) after 5 minutes (e) after 10 minutes 

(f) after 16 minutes. 

5.7 Conclusions 

This chapter reports studies of the kinetics of dye sorption on TiO2 surfaces from 

single and multiple dye solutions. The rate constants of YD adsorption by passive 

adsorption as well as ultra-fast dyeing have been found showing that the adsorption 

by passive dyeing follows a pseudo-second order model, whilst ultra-fast dyeing 

follows a pseudo-first order model. However, qe by ultrafast adsorption is higher 

than the qe by passive dyeing which may suggest that the pressure by pumping helps 
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to adsorb more dye molecule on the TiO2 surface. A procedure for studying the 

kinetics of multiple dye sorption in a mixed N719:YD has been developed and 

studied using the selective removal of N719 by LiOH(aq) followed by desorption of 

YD using Bu4NOH(aq) solution. The YD most closely followed a pseudo- second 

order model but N719 most closely followed pseudo-first order model suggesting 

that the shape and size of dye molecules may have affected adsorption. The kinetics 

for a mixed 5 % SQ1:N719 by ultra-fast dyeing on the TiO2 device has also been 

studied using two different kinetic models. The adsorption of SQl and N719 onto 

TiO2 from a mixed dye solution both followed a pseudo-second order model. The 

rate constant for each was determined to be 0.203 cm2µg-1 min -1 for SQI and 3.3 x 

104 cm2µg- 1 min -I for N719. The effects of dyeing times on the photovoltaic 

measurements also have been studied for single and multiple dyes using ultra-fast 

dyeing technique suggesting that and the efficiency and photo-current increased with 

increasing dye loading because more dye molecules adsorbed on the TiO2 surface 

leads to higher and more efficient electron injection to the TiO2 conduction band. 

The data in this chapter show that the kinetics adsorption of mixed dye solutions can 

be successfully studied using ultra-fast selective desorption. 
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Chapter six Conclusion 

6.1 General conclusion and future work 

The present study focused on the development of environmentally sustainable and 

low cost dye sensitized solar cells (DSCs). A summary of important conclusions, 

primarily based on the results presented in this thesis and the scope of future work 

for the device performance in DSCs. 

6.2 Ultra-fast selective dyeing, desorption and re-dyeing 

In summary, a novel adsorption, desorption and re-dyeing method using ultra-fast 

technique has been investigated. Mesoporous TiO2 was prepared and the adsorption 

of N719 and SQl dyes on the as-prepared TiO2 was studied. The equilibrium data 

have been analyzed using Langmuir and Freundlich isotherms and characteristic 

parameters for each isotherm have been determined. The Freundlich isotherm has 

been shown to give the best agreement for the SQl adsorption and the Langmuir 

isotherm fits better for the adsorption of N719. Desorption and ultra-fast re-dyeing 

through DSCs device has also been studied using different alkali solutions. Bu4NOH 

has been used as the best alkaline for desorbing both of Ru-bipyridyl and organic 

dyes from the TiO2 devices because the ability to removing both of Ru(II) complexes 

and organic dyes from TiO2 device without any damage in TiO2 films. The 

procedure was then developed to remove only partial amounts of dye by controlling 

the volume and concentration of Bu4NOH. Ultra-fast re-dyeing with same dye or 

different dyes into the same device was then studied and formed to be successful. A 

new method for the highly selective removal of multiple dyes N719, SQl and D149 

from a phoro-electrode was also studied. The result of this and the data shows that 

there is potential to reduce the amount of dye used within a photo-electrode with 

relatively less effect on device performance with obvious benefits for reducing cost. 

The method is also very versatile enabling ultra-fast re-dyeing for a wide range of 
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DSC dyes leading to ultra-fast multiple sensitizations of metal oxide photo-electrode 

films. Bu4NOH has been chosen among different alkaline solutions as the best 

alkalis to remove the dye from Ti02 surface without destroy the performance of the 

device. The dye loadings was also calculated for adsorbed on a Ti02 photo-electrode 

and the result shows that the amount of N719 loaded is more than SQl loaded 

suggests that due to the deference in the shapes of N719 and SQ 1 molecules which 

N719 show octahedral and SQl is linear. The dark current for the DSC device was 

also measured when dyeing, desorbed and re-dyed then compared with the device 

measurement in illuminated. The result shows an increased recombination of photo

generated carriers can lead to a significant loss in J sc and V oc increase in dark 

saturation current suggests that it takes time for dye molecules to absorb photon, so it 

might also take time for dye molecules to transfer those electrons to the carrier 

molecules. Other than that the Ti02 particles in the carrier molecule would trap the 

electron this it might have delay the current. The device error also was studied for re

dyeing a device with N719 giving 11 of 4.6 ±1 %. Re-using the device after re-dyeing 

as well as achieved the similar perfonnance with the first dyeing. Selective removal 

also has been concluded for co-adsorption of different dyes on Ti 0 2• LiOH solution 

was successfully used to selective removal N719 from the device and also it is 

possible to selective removal SQl from the device dyed with SQl and D149 using 

dilute Bu4NOH. This technique helps to improve DSC devices by co-sensitization 

method. 

6.3 Ultra-fast co-sensitization 

Chapter four in this thesis deals with the ultra-fast co-sensitization for two, three and 

four dyes with complementary absorption spectra on Ti02 film to further enhance 

the light- harvesting ability DSC. Because using two methods to make a co

sensitization: co-sensitized in mixed dye solution with certain molar ratios of the 

dyes and sequential ultra-fast co-sensitization by adsorbed different dyes in a 

consecutive manner. Systems showed significant improvements in the active spectra 

and photocurrents compared with the cells based on individual dyes with most 

experiments. It was found that the ratio of dyes in mixed dye solution is important, 

the best ratio for mixing SQlwith N719 to make co-sensitization is 6% SQ1:N719 

225 



due to big differences in molar extinction coefficients which and the device is giving 

ri 7.1 % this performance superior to that of either individual device made from N719 

(ri = 6%) and SQl (ri= 3.5%). It was found also the best ratio for mixing N719 with 

D149 is mix (1 mM) N719: (0.5 mM) Dl49 (1 :3 v/v) showed an enhanced 

performance ri = 8.2% relative to those of their individual dyes. Sequential ultra-fast 

co-sensitization was investigated to compare the adsorption power and order of 

dyeing effect in co-sensitization of two or more dyes. The results showing that the 

sequential ultrafast co-sensitization with order dye adsorption by YD then N719 

achieved T] = 7.4% which is higher than the co-sensitization by the order N719 then 

YD giving 6.7%. the selective removal of dyes such as desorbed N719 by LiOH and 

organic dye by Bu4NOH and D149 by concentrated Bu4NOH followed by acetone 

and ethanol have been used to balance the loading amount of dyes in co-sensitization 

and the process also provides an alternative choice for changing the sensitizers in the 

device. The ultra-fast co-sensitization with three dyes of mix N719:D149:SQ1 

(1:1:0.1) was successfully, improved the device performance yielded (11 =7.3%, I sc = 

15.5 mA.cm-2, Voe= 0.71V and FF =0.65) over the individual sensitized SQl, N719 

and D149 devices with improvements in both I se and Yoe• We have briefly 

summarized the data for ultra-fast co-sensitization with two, three and four dyes into 

TiO2 devices using different methods in the following Table 6.1. 
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Table 6.1 : The I-V data for the device co-sensitized with different dyes of two, three 

and four dyes using ultra-fast dyeing. 

Jsc/mA.cm-
Device Co-sensitized !I(%) VocN 2 FF 

N719 + Hf-SQl 5.1 0.74 9.57 0.66 

SQ2 +SQl 3.4 0.6 8.86 0.64 

6 % SQ1:N719 7.1 0.73 15.61 0.63 

YD+N719 7.5 0.74 15.06 0.65 

SQl + YD 4.0 0.71 8.35 0.65 

D149 + YD 6.8 0.64 19.32 0.55 

N719 +D149 (1 :2) 8.1 0.71 18.31 0.62 

N719 +D149 (1 :3 8.2 0.72 16.58 0.63 

N719:D149:SQ1 7.3 0.71 15.51 0.65 

N719:D131:SQ1 6.3 0.76 14.34 0.58 

N719:YD:SQ1 6.5 0.71 13.17 0.65 

N719:YD: D149 7.5 0.72 15.90 0.65 

N719:YD:RD 6.4 0.73 13.04 0.63 

N719:D149:YD:SQ1 8.0 0.75 16.41 0.65 

N719:D149:YD:SQ1 7.4 0.71 14.78 0.63 

N719:D131 :D149:SQ1 7.3 0.70 15.52 0.67 

6.4 Kinetics study 

This study demonstrated that the kinetic of dye sorption on TiO2 surface were 

investigated using selective desorption in the process. The rate constant of YD 

adsorption by passively adsorption, also by ultra-fast adsorption methods were found 

both adsorptions follow to pseudo second order, however qe by ultrafast adsorption is 

higher. The kinetic of multiple dye sorption of mix N719:YD and a mix of 5 % 

SQ 1 :N719 by ultra-fast adsorption on the device of Ti 0 2 films were investigated. It 

was found YD follow both of pseudo first order and pseudo second models in a mix 

dye solution, but N719 was fellow pseudo first order model. The results also show 

that both of pseudo first order and pseudo second models were fitted with the co

adsorption ofN719 and SQl in a mix of 5% SQ: N719 dye solution A novel method 
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also has been developed to drive kinetic information about co-adsorption of multiple 

dyes on TiO2 photo-electrode in DSC. The procedure is based on selective removal 

of dyes and quantifies the dyes loading separately. This approach enables processes 

to control dyes loading on TiO2 which leads to DSC performance with co

sensi tization. 

6.5 Recommendations and future work 

The DSCs are attractive renewable energy and all aspects related to DSCs have been 

subjected to improvement. However the work in this thesis needs more development 

and more characterization. Suggesting to study selective desorption for different 

sensitizers with different catalysts in detail which has a highly versatile applications. 

Sensitizers considered a heart of DSC device and the adsorption of dye on a 

semiconductor play an important role into the DSC performance. The DSC 

performance preferred one layer of dye adsorbed on wide band gap semiconductor of 

high surface area TiO2 nanoparticles. This occurs when the dye molecules 

chemisorbed on the TiO2 surface. Therefore it is necessary to study the factors 

affecting on the dye adsorption such as effect of solvent, temperature, surface area 

and ionic strength. 

The DSC general use a solvent electrolyte based on acetonitrile or 3-

methoxypropionitrile (MPN) and r/I3 - redox couple electrolyte and have impressive 

energy conversion efficiencies reaching around 11 %. However, some problems still 

exist for liquid electrolytes such as difficulty of sealing and leakage, and 

volatilization of the organic solvent. Thus, identifying redox shuttles to replace r /13 -

is one of the most important problems in advancing DSC. 

The other effective part in DSCs is semiconductor metal oxide usually used TiO2. 

The dye coverage can be optimized by use of small amount of TiO2 particle with 

high internal surface area by tuning the TiO2 layer thickness. Thus, preparation a 

paste of layer double hydroxide helps to sintering in low temperature and also to 

improve J sc with co-sensitization for light harvesting at different wavelengths. 
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Appendix 

Appendix 1 Calibration curve data for N719 in ethanol Amax 532 nm. 

Abs. at 
Cone. N719/ Amax 

mg.L-1 532nm 

0 0 

5 0.053 

10 0.106 

20 0.208 

30 0.342 

40 0.422 

50 0.575 

60 0.674 

Appendix 2 Calibration curve data for SQl in ethanol at Amax 636 nm. 

Cone. Abs. at 
SQl/ Amax 

mg.L-1 636nm 
0 0 

0.08 0.025 
0.1 0.037 
0.2 0.061 
0.3 0.089 
0.4 0.108 
0.6 0.154 
0.8 0.208 
1.0 0.257 
1.2 0.339 
1.4 0.390 
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Appendix 3 Calibration curve data for N719 in 40 mM Bu4NOH at 512 nm and 636 
nm. 

Cone.of 
N719 
mg/L 

0 

5 

10 

20 

30 

40 

so 
60 

70 

3 

2.5 

= co: 
----Q) 

2 
,:J = ~ 1.5 ,.Q .. 
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"' 1 ,.Q 
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300 400 

Abs. at Abs. at 
512 nm 636 nm 

0 0 

0.037 0.005 

0.073 0.008 

0.154 0.016 

0.235 0.021 

0.325 0.030 

0.422 0.039 

0.523 0.045 

0.663 0.062 

500 
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Appendix 4 Calibration curve data for N719 dye in O.lM LiOH at 504 run. 

Cone. 
of 
N719 Abs. At 
mg.L-1 504 run 

1 0.010 
3 0.029 

5 0.038 
10 0.075 
20 0.155 
30 0.234 
40 0.322 

50 0.401 
60 0.483 

70 0.641 

Appendix 5 Calibration Curve for YD in ethanol 

Cone. 
ofYD Abs at 
mg. L-1 380 run 
0.5 0.03 
1 0.074 
2 0.156 
3 0.224 
4 0.301 
5 0.399 
6 0.482 
7 0.565 
8 0.623 

9 0.746 
10 0.817 
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Appendix 6 Calibration curve data for D 149 in tert-Butanol:Acetonitrile (1: 1) at 
11,max 532 nm. 

Cone. Abs. at 
D149/ ;\max 
mg. L-1 532 nm 

0 0 

1 0.088 

2 0.176 

3 0.334 

4 0.387 

5 0.459 

6 0.598 

7 0.687 

8 0.812 

9 0.942 

10 1.012 
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Appendix 7 Data of the amount of desorption N719 and SQl in different% SQl :N719 by tert-Butyl ammonium hydroxide. 

No.ofTiO2 10% 20% 40% 50% 60% 
Desorbed dye film 5% SQ1:N719 SQ1:N719 SQ1:N719 SQ1:N719 SQ1:N710 SQ1:N719 

N719 1 161.05 159.32 161.87 158.12 125.62 118.12 

2 158.25 154.25 158.25 146.56 130.11 113.75 

3 163.75 148.55 147.23 150.46 127.25 123.31 

Avera_g_e 161.02 154.04 155.78 151.71 127.66 118.39 

SQl 1 0.85 2.23 4.91 8.28 10.59 12.42 

2 1.1 1.95 5.12 10.11 11.55 10.35 

3 1.2 2.40 3.55 6.45 7.32 14.77 

Averng_e 1.05 2.19 4.53 8.28 9.82 12.51 
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