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Abstract 

 
In dye-sensitized solar cells (DSSCs), the relatively fast recombination rate of electrons with oxidized 
forms of the redox couple or holes in a solid hole transporting medium (HTM) is a challenge. It seems 
that the use of dyes with a blocking layer effect is a key to improve solar cell performance in these 
types of DSSCs. Complete coverage of the TiO2 surface with sensitizer is a necessity to reach better 
results. The study of the binding strength of the dye molecules is therefore very important for DSSCs.  
In this study, using a simple modulated photocurrent technique, the binding strength of a series of 
dyes is measured. Flat and mesoporous TiO2 electrodes are prepared by spray-pyrolysis and spin 
coating techniques, respectively. The electrodes are in contact with an inert electrolyte and they are 
illuminated by an on/off modulated green LED light source. A dye solution is injected into the 
electrolyte and the photocurrent increases steadily until dye adsorption equilibrium is established and 
the photocurrent is leveled off at this concentration. Step by step injection is done and the 
concentration of the dye is increased until it reaches the point at which further injection of the dye 
solution does not result in a further increase in photocurrent and the maximum coverage is obtained. 
At the end, the binding constant is calculated by using a photocurrent vs. concentration plot, which is 
well-fitted to the Langmuir equation. As a typical example, an extracted binding constant for the 
organic dye D35 in 0.1 M LiClO4 in ethanol is 40,000 M-1. 

Also the effects of deoxycholic acid (DCA), which is used as a coadsorbate in DSSCs, and tetra butyl 
ammonium perchlorate (TBAClO4), which could be used as a salt instead of LiClO4, is studied. 
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Abbreviations 
 

a.u. arbitrary unit 
AC alternating current 
AM Air Mass 
ASTM American Society for Testing and Material 
CE counter electrode 
CEI Commission Electrotechnique Internationale 
CSP Concentrated Solar Power 
DC direct current 
DSSCs dye-sensitized solar cells 
FTO fluorine-doped tin oxide 
HOMO Highest Occupied Molecular Orbital 
HTM hole transporting medium 
IEA International Energy Agency 
IEC International Electrotechnical Commission 
IPCE Incident Photon-to-Current efficiency 
Isc short-circuit (photo)current 
ITO indium-doped tin oxide 
Jsc short-circuit (photo)current density 
LED light-emitting diode 
LHE light harvesting efficiency 
LUMO Lowest Unoccupied Molecular Orbital 
PCE power conversion efficiency 
Pin power intensity 
PV photovoltaic 
QCM-D quartz crystal microbalance with dissipation 
RE reference electrode 
SAM self-assembled monolayer 
Vapp applied potential 
Voc open circuit voltage 
WE working electrode 
WMO World Metrological Organization 
θ fraction of coverage 
λ wavelength 
∅𝑐𝑐 charge collection efficiency 
∅𝑖𝑛𝑗 injection efficiency 
∅𝑟𝑒𝑔 regeneration efficiency 
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Chemical compounds (short names & chemical name) 

 

AcAc acetylacetone 

Black dye triisothiocyanato-(2,2ʼ:6ʼ,6”-terpyridyl-4,4ʼ,4”-tricarboxylato) 
ruthenium(II) tris(tetra-butylammonium) 

CA cholic acid 

D149 5-[[4-[4-(2,2-diphenylethenyl)phenyl]-1,2,3-3a,4,8b-hexahydrocyclopent[b]indol-7-
yl]methylene]-2-(3-ethyl-4-oxo-2-thioxo-5-thiazolidinylidene)-4-oxo-3-
thiazolidineacetic acid 

D35 (E)-3-(5-(4-(bis(20,40-dibutoxybiphenyl-4-yl)amino)phenyl)thiophen- 2-yl)-2-
cyanoacrylic acid 

D5 3-(5-(4-(diphenylamino)styryl)thiophen-2-yl)-2-cyanoacrylic acid 

DCA deoxycholic acid 

MeCN acetonitrile 

N719 di-tetrabutylammonium cis-bis(isothiocyanato)bis(2,2′-bipyridyl-4,4′-
dicarboxylato)ruthenium(II) 

TBA tetrabutylammonium 

TBP 4-tert-butylpyridine 

t-BuOH tert-butyl alcohol 

TTIP Ti(IV)-tetraisopropoxylate 

Z907 cis-bis(isothiocyanato)(2,2′-bipyridyl-4,4′-dicarboxylato)(4,4′-di-nonyl-2′-
bipyridyl)ruthenium(II) 
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1. Introduction 
 
 

1.1. Energy 
 

Energy as a capacity to perform work has had a great effect on human life, and learning how to 
harness energy and how to use it led to a great revolution in human history which still has an 
important role in our life. 

The forms of energy sources have changed during time. Primary energy forms like coal, oil and 
natural gas, which are called fossil fuels, have been used for a long time, but the increasing world 
population and advancing industrialization increase the demand and use of fossil fuels. So we face 
two important issues: 

- First, fossil fuels are carbon based fuels and combustion of these release greenhouse gases that 
lead to air pollution and global warming.  

- Second, the supply of fossil fuels is limited and it takes millions of years for them to form by 
natural processes. 

It thus seems necessary to use sustainable energy sources. Sustainability means that not only the 
energy sources have enough supplies for continued use but also that they have  less environmental 
impact on, e.g., air pollution and global warming [1]. 

Renewable energy can be divided in two main groups depending on its origin [1]: 

- Solar renewable sources which is divided to direct use like solar thermal and solar photovoltaics 
and indirect use like hydropower, wind power, wave power and bioenergy.  
 

- Another group is non-solar renewable like tidal energy and geothermal energy. 
 
The contributions of different fuel resources in the total energy consumption in 2009, which was 
published by the International Energy Agency (IEA) in 2010, is shown in Figure 1.1, and it shows 
that only 13% of the total energy consumption (other resources, traditional biomass and hydro) were 
from renewable energy sources. The contribution of different renewable resources in 2009 is shown 
in Figure 1.2 [2]. 
 

1.2. Solar radiation 
Solar light is electromagnetic radiation emitted by the sun’s surface that originates from the bulk of 

the sun where fusion reactions convert hydrogen atoms into helium. Every second 3.89.1026 J of 

nuclear energy is released by the sun’s core. This nuclear energy flux is rapidly converted into 
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Figure 1.1. Percentage contributions to the world primary energy consumption in 2009, ‘other sources’ are 
‘new’ biomass, solar and geothermal energy, and energy from wind, wave, tide and wastes. [Based on 
International Energy Agency (IEA) data in 2010] 

  
 
Figure 1.2. Chart showing percentage breakdown of individual renewable energy sources’ contributions 
to the world primary energy supplies in 2009 [Based on International Energy Agency (IEA) data in 2010] 
 

thermal energy and transported toward the surface of the star, where it is released in the form of 
electromagnetic radiation. The power density emitted by the sun is of the order of 64 MW/m2 of 
which ~1370 W/m2 reaches the top of the Earth’s atmosphere with no significant absorption in the 
space. The latter quantity is called the solar constant [3]. 
 
The irradiance of the sun, which is falling onto the earth’s atmosphere, is changing by solar activity 
variations and variation in the earth/sun distance during a year. The change is between 1% and 6.6%  

coal; 27,4% 

natural gas; 
22,1% 

oil; 32,4% 

nuclear*; 5,1% 
hydro**; 

2,3% 

traditional 
biomass; 6,0% 

other sources; 
4,7% 

traditional 
biomass; 46,2% 

new biomass; 
27,6% 

energy from 
wastes; 2,4% 

hydro; 18,0% 

geothermal; 
3,8% 

solar; 0,8% wind, wave, 
tide, etc; 

1,2% 

Total consumption: 65 EJ 

* The nuclear contribution is the notation primary energy that would be 
needed to produce the actual output at an efficiency of 38%. 
** The hydro contribution is the actual electrical output. 
Total: about 502 EJ equivalent to 12 billion tones of oil, or an average 
continuous rate of energy consumption of 15.9 TW. 
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Figure 1.3. Several components of global radiation [4] 

 
Figure 1.4. Extraterrestrial and Terrestrial solar spectrum [4] 
 
in irradiance, respectively.  
The solar radiation that reaches the Earth’s atmosphere is thus not changed much by absorption in this 
distance. The extraterrestrial spectrum is the name of the spectrum that is used for the solar spectrum 
in this region [4]. 
 
The extraterrestrial spectrum  changes by absorption and scattering when the solar radiation passes 
through the Earth’s atmosphere to reach the Earth’s surface. This solar radiation spectrum is called 
the terrestrial spectrum. 
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The solar radiation is absorbed strongly by the ozone layer at longer wavelengths in the ultraviolet 
region. In the near infrared region it is absorbed by water vapor, carbon dioxide and oxygen. Clouds 
could block and scatter most of the direct radiation. Rayleigh scattering and other scattering from 
particles, like water drops and aerosols, also change the solar spectrum. Figure 1.3, shows the 
components that affects the solar radiation. This solar radiation is called global radiation. The 
extraterrestrial and terrestrial spectrum are shown in Figure 1.4 [4]. 

The air mass is another definition which is used for characterization of the solar spectrum. (The 
performace of a solar cell is also characterized by the air mass coefficient.) A relative ratio between 
path length of the light when the sun is vertical to the Earth to the path length of the light when it 
passes the Earth’s atmosphere is called air mass. Also the angle of incident photon relative to the 
vertically incident photon could determine the air mass. “AM” is the abbrevation for air mass which 
is followed by a number [5]. 

       𝐴𝑀 =  𝐿
𝐿0

 ≈  1
cos𝑧

 
 

L: The path length through the atmosphere 

L0: The zenith path length 

Z: zenith angle in degrees 

Equation (1) is used when the atmosphere is assumed to be a plain. Considering the curvature of the 
atmosphere and especially for calculations of air mass at the horizon, equation (2) is used [5]: 
 
 𝐴𝑀 =  1

cos𝑧+0.50572 (96.07995−𝑧)−1.6364 
 
Figure 1.5 shows some possible values for air mass. There are several standards for air mass and 
some of them are shown in Table 1.1. 
 
Table 1.1. Power densities of different published standars[4] 

Solar condition Standard                        Power Density (Wm-2) 

  Total                  250 – 2500 nm               250 – 1100 nm 

 WMO Spectrum 1367   

AM 0 ASTM E 490 1353 1302.6 1006.9 

AM 1 CIE Publication 85, Table 2  969.7 779.4 

AM 1.5 D ASTM E 891 768.3 756.5 584.7 

AM 1.5 G ASTM E 892 963.8 951.5 768.6 

AM 1.5 G CEI/IEC* 904-3 1000 987.2 797.5 
 * Integration by modified trapezoidal technique 
CEI: Commission Electrotechnique Internationale 
IEC: International Electrotechnical Commission  
 
The irradiance of one solar constant is called one “sun” and the unit of “suns” is used to describe a 
solar simulators’ irradiance. 

(1) 

(2) 
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Figure 1.5. The path length of Air Mass, changing with the zenith angle [4] 

 
1.3.   Solar energy 

 

When humans in prehistoric time began to use fire, they were using solar energy harnessed by 
photosynthesis. Solar energy is the main resource for different types of energy; from fossil fuels like 
crude oil, coal and natural gas to renewable energy resources discussed in previous section [1]. 

Solar radiation represents the largest energy flow that reaches the Earth’s ecosystem. After reflection 
and absorption in the atmosphere, about 100,000 TW of solar energy hits the surface of the Earth and 
is also converted to other forms of energy used by humans, with the exception of nuclear, geothermal, 
and tidal energy.  Solar energy has the potential of becoming a major component of a sustainable 
energy portfolio with constrained greenhouse gas emissions [3]. In Figure 1.6, the comparison 
between solar energy and other renewable energy resources and non-renewable energy resources is 
shown.  Considering the potential of solar energy, which is shown in Figure 1.6, and the contribution 
of solar energy in energy consumption in Figure 1.2, it is clear that the contribution of solar energy 
despite of its large potential is very low. 

Solar radiation is a renewable energy resource that has been used by humanity in all ages. Passive 
solar technologies were already used by ancient civilizations for warming and/or cooling habitations 
and for water heating; in the Renaissance, the concentration of solar radiation was extensively studied 
and in the 19th century the first solar-based mechanical engines were built. The discovery of the 
photovoltaic (PV) effect by Becquerel in 1839 and the creation of the first photovoltaic cell in the 
early 1950s opened entirely new perspectives on the use of solar energy for the production of 
electricity.  
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       - orange circle is current available energy  e.g. photovoltaic, solar thermal, CSP (concentrated solar power), etc 
- yellow circle is the potential Solar Energy will require new technologies e.g. solar heated compressed air 
engines 

Figure 1.6. Potential of solar energy [6] 

 

Since then, the evolution of solar technologies continues at an unprecedented rate. Nowadays, there 
are large varieties of solar technologies, and for example photovoltaics have gained an increasing 
market share for the last 20 years [3]. 

 

1.4.   The Photovoltaic Effect 

 
The solar energy can be converted to the other forms of energy by using different techniques. 
Photovoltaics (PV) generate electricity directly from solar radiation. The “Photovoltaic” term consists 
of two words: “Photos” is a Greek word meaning light and “volt” which is the unit for electromotive 
force and coming from the Italian physicist Count Alessandro Volta whom invented the battery. 

Edmond Becquerel, the French physicist in 1839 reported that the voltage of a “wet cell” battery was 
increased when sunlight was shined on the silver plates of the cell.  But it took 38 years until W.G. 
Adams and R. E. Day, two scientists from Cambridge, reported the first PV effect in a solid substance 
in 1877. It should be mentioned that the first solar cells similar to silicon solar cells were built by 
Charles Edgar Fritts in 1833. He used a thin wafer of selenium which was covered by very thin gold 
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Figure 1.7. A view of a photovoltaic cell [7] 

wires and he used a sheet of glass for protection. Finally in 1950s, at the Bell Telephone Laboratories 
in New Jersey, the modern solar cells using semiconductor materials were built. Semiconductors have 
higher resistance to the flow of electricity than conductors but their resistance is less than insulators 
that completely block the flow of current. Germanium and silicon are two famous semiconductors in 
solar cells [1]. 

Conventional photovoltaic cells are based on a p-n junction connection, ‘p’ type semiconductors are 
doped with an impurity that has less electrons in the valence shell compared to the semiconductor. 
Because of lack of electrons it is possible to consider these vacancies as holes having a positive 
charge. The ‘n’ type semiconductors are doped with a material with higher amount of valence 
electrons which cause a surplus of electrons. 

Incident photons on a p-n junction surface with a suitable wavelength excite electrons and raise their 
energy. These electrons move from the valence band to the conduction band. When electrons are in 
the valence band, they are tightly bounded and cannot move easily but when they are transferred to 
the conduction band they can move more freely. The vacancy of electrons creates mobile holes in the 
valence band. The depletion region appears at the interface of the p-n junction. It means that on the n-
type semiconductor next to the junction, the number of holes increases and on the p-type side, the 
number of electrons raises. Connecting the n-type side with a circuit to a metal which is connected to 
the p-type side, it is possible to get an electric current [1]. (Figure 1.7) 

There are three generations of photovoltaic cells: [8] 

- Crystalline PV which has high efficiency but they are expensive (First generation) 

- Second generation is called “Thin film PV” with low cost and also lower efficiency 

- The third generation is based on the goal of maintaining the cost advantage of the second 

generation but with higher efficiency      
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1.5.   Dye-sensitized solar cell 

 
In 1991, Michael Grätzel and Brian O’Regan invented a new type of solar cells, which is called the 
“dye-sensitized solar cell” (DSSC). This cell also operates according to the photovoltaic effect but 
there are some differences between DSSC and photovoltaic cells.  In DSSC, which is a 
photoelectrochemical cell, liquids are also used in the devices while ordinary photovoltaic devices are 
in solid-state forms. Another difference is that, in PV cells the semiconductor is the source of 
photoelectrons and charge separation is also achieved by an electric field, which is provided by the 
semiconductor. In DSSC the photoelectron is prepared by sensitizer molecules and the semiconductor 
is used only for charge separation and transportation [9].  

A DSSC consists of the following parts [9]: 

- Working electrode (photoanode) that contains TiO2 nanoparticles deposited on a glass or plastic 
substrate. This substrate is normally coated with indium tin oxide (ITO) or fluorine-doped tin 
oxide (FTO) 

- TiO2 film covered with a monolayer of dye molecules which are photosensitive and after 
excitation inject electrons into the TiO2 conduction band 

- Electrolyte which contains a redox mediator 
- Counter electrode which is a platinized FTO or ITO on glass or plastic substrate 

 
The schematic view of a DSSC is shown in Figure 1.8: 

Figure 1.8. Schematic view of a DSSC. TCO: Transparent Conductive Oxide, red blobs are dye molecules [10]        
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Different processes occur during operation of a DSSC: 

  

 Figure 1.9. The basic electron transfer processes in a DSSC [11] 

When photons are absorbed by the adsorbed dye on the surface of the working electrode, the dye 
molecules are excited. The excited dye injects an electron into the conduction band of the 
semiconductor (TiO2), called “charge injection”, Process (2). During the “diffusion process”, injected 
electrons move through the nanoparticles in the conduction band to the conductive substrate (FTO), 
process (3). The electrons can then perform work through an external circuit and reach the counter 
electrode. Process (6) shows regeneration of the sensitizer by the redox mediator and process (7) 
shows the reduction of the oxidized mediator by electrons from the counter electrode. Two 
unfavorable processes compete with process (3), which are the recombination of dye and oxidized 
mediator and are shown by processes (4) and (5) in Figure 1.9, respectively [12]. 
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2.  Theory 
 

Dye-sensitized nanocrystalline solar cells are promising for solar energy capturing and conversion 
because of great improvement in the efficiency and stability compared to previous 
photoelectrochemical solar cells, simple manufacturing and a potentially cheap price [13, 14, 15]. 
Despite of these great improvements of DSSCs, there are still some fundamental problems which 
affect the operation of DSSCs. Recombination processes, especially for one-electron redox mediators 
(e.g.  -Cobalt complexes) or in solid hole transporting medium, are some of the most important 
challenges. Being able to control these means to increase the efficiency of the solar cell as the open 
circuit voltage (Voc) is limited by recombination rates [16]. Also using multiple dyes, which is called 
co-sensitization, is another way to increase the power conversion efficiency (PCE). For studying the 
optical absorption of combination of multiple dyes a “concerto effect” which depends on the fraction 
of dyes coverage and their position on the TiO2 surface is used. All of these results show that a kinetic 
study of the dye adsorption on the TiO2 photoanode surface and the optimization of the self-
assembled monolayer (SAM) of dye molecules are very important. The performance of the DSSCs is 
strongly dependent on the quality of the adsorption of the dye molecules on the surface of TiO2 in 
three different ways [17]:  

- The photocurrent density (Jsc) of the solar cell is related to the amount of sunlight which can 
absorbed by the cell. This amount of sunlight depends on the fraction of the dye which is 
adsorbed on the surface of TiO2 and the extinction coefficient of the dye. 

- Electrons should be injected efficiently into the semiconductor by the photo-excited dye 
molecules, and for this reason it is necessary to form a monolayer of dye on the TiO2 surface. 

- Dye molecules should be regenerated by the redox mediator and not with electrons from the 
semiconductor. This latter recombination process can be avoided by formation of a monolayer of 
the dye that behaves like a blocking layer. 
 

There are different methods for measuring the binding constant of dyes on the surface of the 
semiconductor electrode, such as the quartz crystal microbalance with dissipation technique (QCM-
D) [17], and optical spectroscopic methods [13, 18, 19, 20, 21]. 
The QCM-D technique is a very sensitive method and it is independent of the optical properties of 
samples, but it is an expensive method. Optical spectroscopic methods are rather cheap and simple, 
but the sample preparation is time consuming. In these experiments, the TiO2 electrodes are immersed 
in the dye solution for at least 12 hours. 

In this report, we demonstrate a new in-situ modulated photocurrent technique to study the kinetics of 
the dye adsorption and to measure the binding constant of dye molecules on the TiO2 surface. It is 
also possible to determine the minimum concentration which is needed to reach an equilibrium 
concentration for complete dye coverage. In this project most of the work was performed on flat TiO2 

electrodes. The TiO2 electrode was in contact with an inert electrolyte. Two different electrolytes 
were used. The main electrolyte was 0.1 M LiClO4 in ethanol. The other one was 0.1 M tetra butyl 
ammonium perchlorate (TBAClO4) in ethanol. The latter was only used with the Z907 sensitizer, 
having the best performance (see result and discussion), to study the effects of TBAClO4 on the 
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binding constant of the sensitizers on the surface of the TiO2. The dye is injected into the electrolyte 
in a very small amount. The dye molecules are excited by incident modulated green LED light and 
the resulting AC photocurrent is measured vs. time. In this experiment only an inert electrolyte is 
used, so it is not possible to regenerate the oxidized dye molecules because of the absence of the 
redox mediator. This is the reason for using on/off modulated LED. When the light is on, dye 
molecules will be excited from the HOMO to the LUMO of the dye molecules. The excited electrons 
are then injected from LUMO of the dye into the conduction band of the semiconductor. When the 
light is off, the electrons recombine with the excited dye molecules. 

Light on: Dye*-TiO2 → Dye+-TiO2(e-) 
Light off: Dye+-TiO2(e-) → Dye-TiO2  
 
To reduce the light exposure of the dye molecules in the electrolyte, a shutter is used. The amount of 
the adsorbed dye on the TiO2 surface increases with time until it reaches an equilibrium state (at the 
given concentration). Step by step, by injection of dye solution into the electrolyte, the number of 
adsorbed dye molecules on the TiO2 surface increases and the photocurrent from the electrode 
increases as well. The final injection is done when the current does not increase by increasing the dye 
concentration. Finally the photocurrent vs. concentration is plotted and the binding constant is 
determined.   
 

There are several isotherms developed for studying adsorption processes such as the Langmuir 
isotherm, Freundlich isotherm, and BET isotherm. 

The BET isotherm is mostly used for multilayer adsorption deduced by Stephen Brunauer, Paul 
Emmet, and Edward Teller. Since it is assumed in our case that a monolayer of dye or less is 
adsorbed, the BET method was not applied [22]. 

The Langmuir isotherm is preferred to use in this study. The Langmuir isotherm connects the surface 
coverage of adsorbate to the pressure or concentration of a medium. The Langmuir equation has three 
assumptions; (i) the ability of adsorption for all sites are equal, (ii) only a monolayer of adsorbed 
molecule will be formed on the surface, and (iii) adsorbed molecules have no interaction with 
neighboring adsorbents [22]. 

The equation for dye adsorption equilibrium could be written as: 

D + TiO2 ↔ D_TiO2                                                                                𝐾𝐷 =  [𝐷_𝑇𝑖𝑂2]
[𝐷][𝑇𝑖𝑂2]

 

Where [TiO2] is the concentration of binding sites on TiO2 

The equilibrium constant can be rewritten for a Langmuir isotherm as: 

𝜃 = [𝐷_𝑇𝑖𝑂2]
[𝐷_𝑇𝑖𝑂2]+[𝑇𝑖𝑂2]

= 𝐾𝐷[𝐷][𝑇𝑖𝑂2]
𝐾𝐷[𝐷][𝑇𝑖𝑂2]+[𝑇𝑖𝑂2]

=  𝐾𝐷[𝐷]
𝐾𝐷[𝐷]+ 1

= [𝐷]
[𝐷]+ 1

𝐾𝐷

 

Where θ is the fraction of coverage, and the measured binding constant is 1
𝐾𝐷

 

(3) 

(4) 
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In the case of coadsorbtion, the following equation should also be considered:  

A + TiO2 ↔ A_TiO2                                                                                      𝐾𝐴 = [𝐴_𝑇𝑖𝑂2]
[𝐴][𝑇𝑖𝑂2]

   

Rewriting for a Langmuir isotherm gives: 

𝜃 = [𝐷_𝑇𝑖𝑂2]
[𝐷_𝑇𝑖𝑂2]+[𝐴_𝑇𝑖𝑂2]+[𝑇𝑖𝑂2]

= 𝐾𝐷[𝐷][𝑇𝑖𝑂2]
𝐾𝐷[𝐷][𝑇𝑖𝑂2]+𝐾𝐴[𝐴][𝑇𝑖𝑂2]+[𝑇𝑖𝑂2]

=  𝐾𝐷[𝐷]
𝐾𝐷[𝐷]+ 𝐾𝐴[𝐴]+1

= [𝐷]
[𝐷]+𝐶

 

 

With the constant 𝐶 = 1+𝐾𝐴[𝐴]
𝐾𝐷

 

The measured binding constant in this experiment is: 

1
𝐶

= 𝐾𝐷
1+𝐾𝐴[𝐴]

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(5) 

(6) 

(7) 
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3.  Experimental 

 

3.1. Sample preparation 
 

3.1.1. Spray-pyrolysis 

Spray-pyrolysis is a technique for depositing a thin film on a hot surface and it is normally used to 
deposit different oxides on a surface. This method has been used for a long time to prepare 
transparent electrical conductors of SnOx on a glass substrate. In this technique the substrate is heated 
to a temperature at which all materials, except the desired compound, will be vaporized. After 
reaching the desired temperature the solution is sprayed on the sample. The solution consists of 
suitable materials which react on the hot surface to produce the compound we want to deposit on the 
surface [23].  

In the current project a flat TiO2 film was prepared by spray-pyrolysis. The desired solution was 
prepared by mixing 1 volume of Ti(IV)-tetraisopropoxylate (Sigma Aldrich, TTIP) with 3 volumes of 
acetylacetone (Fluka, AcAc). In this step a solution with bright yellow color is formed which contains 
diisopropoxy-Ti(IV)-bis(acetoacetonate). 

𝑇𝑖{𝑂𝐶𝐻(𝐶𝐻3)2}4 +  2 𝐶5𝐻8𝑂2  ←
→ {(𝐶𝐻3)2𝐶𝐻𝑂}2𝑇𝑖(𝐶5𝐻7𝑂2)2 +  2 (𝐶𝐻3)2𝐶𝐻𝑂𝐻     

The solution for spraying was diluted 3 times with ethanol. 

The substrate, a FTO-glass (Fluorine doped tin oxide on the glass), was heated to 450 oC on a hot 
plate. The precursor was applied by a nozzle and the pressure was controlled by nitrogen. Spraying 
was done with ten cycles, in which one cycle is the movement of the nozzle from one side of the 
substrate and back to the starting point. The distance of the nozzle was approximately 15 cm above 
the substrate. By reaction of atmospheric oxygen with titanium diisopropoxide bis(acetylacetonate) at 
the hot surface of the substrate, TiO2 is formed. 

 

Figure 3.1. Spray-pyrolysis steps [24] 
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3.1.2. Spin coating 

Spin coating is a technique to prepare a thin film in the range of micron (0.3-0.6 µm) in thickness. A 
dilute solution is loaded onto a flat substrate and a uniform and thin film will be formed on the 
substrate. The physical explanation of spin coating is determined by centrifugal forces and viscous 
forces. The spin speed controls the centrifugal forces and the latter is controlled by solvent viscosity 
[25]. 

The different steps of spin coating can be broken down as follows [26]: 

1. The precursor is loaded in the middle of the substrate 
2. By rotating at ca. 500 rpm the loaded substrate will be distributed on the total surface of the 

substrate 
3. The rotating speed of the substrate will be increased to ca. 2000~4000 rpm 
4. The build-up of material on the edges of the substrate, called “edge bead”, will be removed using 

a backside wash cycle. Removing edge bead causes better contact between the sample and other 
parts of the device, for example the counter electrode in solar cells [27] 

Some parameters that affect the thickness and uniformity of the film are: 

1. Solution viscosity 
2. Solid content 
3. Angular speed 
4. Spin time 

By using low viscosity materials, long spin time and high spin speed, it is possible to prepare thinner 
films. 

The relation between film thickness and spin speed is given by the following relation: 

ℎ ~𝛺−𝑁   

h is film thickness, Ω is spin speed and N depends on the evaporation of solvent. 

As discussed above, several variables affect the film thickness. So the above formula can be 
expressed in different forms: 

1. When solvent is not volatile and there is no evaporation, the thickness depends on the spin speed 
and time: 
 
ℎ ~ 𝛺−1𝑡−1/2  
 

2. If the evaporation rate is constant: 
 
ℎ ~ 𝛺−2/3 

(8) 

(9) 

(10) 



23 
 

 
3. For resist and spin-on glasses (SOGs) material the relation is: 

 
ℎ ~ 𝛺−1/2 
 

Sometimes, because of the different properties of a material near the air and in the bulk, a skin layer 
will be formed which affects the thickness by changing the N value. 
If there is little evaporation, caused by a rapid formation of the skin layer, N will be approximately 1, 
however, If there is a late formation of the skin layer, the evaporation rate is high, the N value is close 
to 5 [26]. 
 
In this project, to prepare mesoporous TiO2 films on a FTO-glass, a TiO2 paste (dyesol paste) was 
diluted by ethanol (1 mg of TiO2 mixed with 5 mg ethanol). Then it was loaded on the FTO-glass that 
was placed on the spin-coater. The speed was set on 500 rpm for pre-spinning and 2000 rpm for final 
spinning. Finally it was then sintered on a hot plate. The sintering program was (180 oC, 10 min ; 320 
oC, 10 min ; 390 oC, 10 min ; 500 oC, 30 min). 
 

3.2. Characterization method 
 

Incident Photon-to-Current efficiency (IPCE) 
 
One of the most important techniques to investigate the characteristics of a solar cell is the study of 
the spectral response to monochromatic light. Measurements of the monochromatic incident photon-
to-current efficiency (IPCE) make it possible to understand current generation, recombination 
processes, and charge diffusion mechanisms in the solar cell.  
 
𝐼𝑃𝐶𝐸 = 𝐿𝐻𝐸∅𝑖𝑛𝑗∅𝑟𝑒𝑔∅𝑐𝑐 
 
LHE is light harvesting efficiency, ∅𝑖𝑛𝑗 is injection efficiency, ∅𝑟𝑒𝑔 is regeneration efficiency and 
∅𝑐𝑐 is charge collection efficiency. 
 
The American Society for Testing and Material (ASTM) has one of the most accurate procedures 
with certified equipment [28, 29]. According to this procedure, the solar cell is irradiated with 
continuous light under 1 sun and in the spectral response range, the short-circuit photocurrent (Isc), 
produced by the monochromatic light, is measured. There are three common and famous techniques 
for measuring IPCE [30]. In the alternating current (AC) method which is also mixed with the Lock-
in method, a low modulation frequency under bias light should be used to get accurate IPCE. In the 
direct current (DC) method, because of the effect of temperature on the short-circuit current due to 
bias light, the temperature control should be done. The third method, which is used especially for dye 
sensitized solar cells, is a technique in which no bias light is used, so the problems existing in AC and 
DC methods are solved. In addition, the intensity of monochromatic light is stronger because of the 
absence of bias light [31]. 

(11) 

(12) 
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In this study, a xenon light source (Spectral products ASB-XE-175), a monochromator (Spectral 
products CM110), and a potentiostat (PINE instrument AFRDE 5), a chopper controller (SR 540) and 
a lock-in amplifier (RESEARCH SYSTEM SR830 DSP) was used. 
The schematic set-up is shown in Figure 3-2. 
 
IPCE is determined by the following formula: 
 

𝐼𝑃𝐶𝐸 =  1240 × 𝐽𝑠𝑐(𝜆)
𝜆 × 𝑃𝑖𝑛(𝜆)

 

 
Jsc (A/cm2) is the short-circuit photocurrent density at the given wavelength, λ (nm) is the wavelength 
of incident light and Pin (W/cm2) is power intensity of the light. 
 

 
Figure 3.2. Schematic IPCE set-up 
 
 

3.3. Experimental set-up 
 
 

Electrochemical measurements were performed on a PINE instrument AFRDE 5 Bi-potentiostat with 
a 3-electrode set-up. The working electrodes (WE) were flat and mesoporous TiO2 electrodes on 
Fluorine doped tin oxide on glass substrates, respectively. A carbon electrode was used as a counter 
electrode (CE), and an Ag/AgCl electrode with 1M LiCl solution in ethanol was used as a reference 

(13) 
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electrode (RE). The applied potential was set to 0 V and the current convertor was set to 50 µA and 1 
mA depending on the different batches of samples. The frequency was set to 127 Hz and 27 Hz by a 
lock-in amplifier (STANFORD RESEARCH SYSTEM SR830 DSP) for flat and mesoporous TiO2, 
respectively. The light source for excitation of the dye was a modulated green LED. The solution was 
stirred by using a magnet. The schematic set-up is shown in Figure 3-3. 

 

Figure 3.3. Modulated photocurrent set-up. 

 

 

Different views of the electrochemical cell set-up are shown in Figure 3-4. 

 

Figure 3.4. Electrochemical cell  
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3.4. Materials 
 

3.4.1. Sensitizers 

 In the experiments six different dyes were used; three organic dyes, D5, D35 and D149 and three 
ruthenium based dyes, Z907, black dye and N719. Their structures are shown in Figure 3.5. 

     
Figure 3.5. Structure of different sensitizers 

3.4.2. Coadsorbate 

Deoxycholic acid (DCA) was the coadsorbate in the experiment: 

 

Figure 3.6. Deoxycholic acid structure  
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4.  Results and Discussion 
 

4.1. Power of green LED 
The power of a green LED was determined by IPCE measurement. The wavelength for green light 
was selected to 530 nm. In this wavelength the IPCE was equal to 73.5% and the diode area was 
0.636 cm2. By using equation (13) the power intensity was calculated: 

P = 7.26 × 10-4 W/cm2 

 

4.2. Photocurrent from bare TiO2 substrate 
As a blank experiment, the photocurrent of a bare TiO2 substrate, without any dye in the inert 
electrolyte, was measured, figure 4.1. The photocurrent for flat TiO2 electrodes is small, in the range 
of 1 nA, but for porous electrodes it is in the range of 100 nA. Because of the low photocurrent for 
flat electrodes, the IPCE was not possible to measure, but for a porous electrode IPCE measurements 
were performed and relatively high IPCE values were obtained. 
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 Figure 4.1. IPCE (%) for porous TiO2 electrode in contact with inert electrolyte (without dye), measured using 
AC - method 
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As can be seen, the IPCE value is almost 0.22% at 530 nm which is very high for bare TiO2. It is not 
clear why there is a photocurrent for TiO2 in the visible region, because the energy of light is not 
sufficient to excite TiO2. A possible reason is excitation involving trap states. Trap states are based on 
different criteria, and can be classified in different groups. In terms of charge, it is possible to divide 
traps into: traps for holes and traps for electrons. Bulk traps and surface/interface traps is another 
classification, considering the location. The trapping centers might be created because of impurities, 
point defects, surface states, dangling bonds and also localized stress. Energetically, the band gap 
region is the more probable location for trap states but it is also possible to have such states in the 
conduction band or valence band. Point defects, impurities and local stresses are the origins for trap 
states in bulk semiconductors while in the nanocrystalline semiconductor, the surface/interface, with a 
large surface/volume ratio, is more prominent as the origin of trap states [32].  

 

Figure 4.2. Transitions in bulk semiconductors: (a) intrinsic absorption and band-to-band recombination; (b) 
recombination levels; (c) trapping levels [32] 

In this study, nanocrystalline TiO2 was used. So the trapping might be due to surface/interface states, 
in agreement with the comparison of photocurrent for flat and porous TiO2 electrodes. In porous 
electrodes, the surface area is larger compared to the flat electrode, so the higher photocurrent might 
be due to the higher surface area in porous TiO2. 

 

4.3. Frequency and applied potential  
To optimize the frequency and applied potential, an oscilloscope was used. As shown in Figure 4.3, 
the best set-up for frequency and applied potential are 27 Hz and 0 mV in case of porous TiO2 
electrodes. As mentioned, a potentiostat is used in the experiment to enable the control of the Fermi 
level position. When the surface of TiO2 is irradiated by the light, dye molecules adsorbed on the TiO2 
surface are excited and inject electrons into the conduction band of the TiO2. This causes a 
photocurrent. The more symmetrical the shape of the curve for light and dark processes, the more 
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injection and recombination rates are equal. Since the recombination rate in the flat TiO2 electrode is 
faster, the frequency is increased to 127 Hz. This makes it possible to detect the total current by the 
injected electrons. If the frequency was set to 27 Hz some electrons recombine with the dye before 
detection.   
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Figure 4.3. Oscilloscope output for porous TiO2 electrode with D5 and frequency of 27 Hz (a) Vapp.: 0 mV (b) 
Vapp.: +200 mV (c) Vapp.: -200 mV 

 

4.4. Experimental results for different dyes with flat electrode 
The experiment was done for six different dyes as described in the experimental part. All sensitizers 
have carboxylic acid/carboxylate group as an anchor to bind to the TiO2 surface. Three organic based 
dyes with one carboxylic acid group were D5, D35 and D149. Three Ruthenium based dyes were 
Z907 with two carboxylic acid groups, black dye with one carboxylic acid and two carboxylates and 
N719 with two carboxylic acid and two carboxylate binding groups. The experimental results, 
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showing photocurrent changes vs. time with increasing concentration are shown in Figure 4.4 for the 
Z907 sensitizer.  

It can be seen that at the marked times (70, 1100, 2190, 3110, 4160 seconds) the dye is injected into 
the electrolyte. The first injection is at 70 seconds. Because all the sites on the surface of TiO2 are 
free, the number of adsorbed dye molecules increases very fast and the photocurrent, which is related 
to the number of the adsorbed dye molecules, rises rapidly. After a while an equilibrium point is 
reached (second arrow which is showed at 1100 seconds), the photocurrent is almost stable. This is 
the point which next injection is done and the same process happens. The number of adsorbed dyes is 
smaller than the first injection because of occupation of some sites by dye molecules during the first 
step. And finally at the last injection there is only a very small change in photocurrent. One strange 
observation is when the injections are done, the photocurrent first decreases for a short time and then 
starts to increase. 
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Figure 4.4. Experimental result for Z907 sensitizer (current vs. Time) 

 

In the next step, the concentration of the sensitizer after each injection is calculated and then the 
photocurrent vs. Z907 concentration is plotted. The data are shown in Table 4.1. 
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Table 4.1. Experimental data (Time, Concentration, Photocurrent) 

t injection 
(s) 

VLiClO4 (ml) [LiClO4] (M) add VZ907 (µl) [Z907]initial (mM) [907]final (µM) I (A) 

85.4 4 0.1 50 0.5 6.1729 2.32E-08 
1093.7 4 0.1 50 0.5 12.2705 3.34E-08 
2187.4 4 0.1 100 0.5 24.1753 3.71E-08 
3102.5 4 0.1 200 0.5 46.9026 3.95E-08 
4152.3 4 0.1 250 0.5 73.7844 4.08E-08 

 

In Figure 4.5, the modulated photocurrents from the TiO2 electrode as a function of Z907 
concentration in an inert electrolyte are plotted. The curves are well-fitted with the Langmuir 
isotherm. 
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Figure 4.5. Modulated photocurrent from flat TiO2 electrode as a function of Z907 concentration for four different 
measurements. The red curve is a Langmuir isotherm fit. 
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In the second measurement (graph B) it seems that longer time is needed to reach equilibrium. All four 
measurements are done with the same batch of electrodes but measurement A is done less than one week 
after preparation of the electrode. Measurement B is done almost three weeks later. The reasons for the 
decrease in photocurrent and for the longer times to reach equilibrium are not completely clear but one 
possibility is the adsorption of some organic material or CO2 from the laboratory atmosphere. By 
adsorption of other materials on the surface, the number of free sites for adsorbing dye molecules will be 
decreased. Depending on the binding strength of the material, the adsorption of dye molecules will 
compete and possibly remove the material from the surface. So the reason for longer time of equilibrium 
could be the time that is needed to remove other materials, while the current is decreased due to smaller 
number of dye molecules on the surface. The measurement is repeated for D5 and D35 and the percentage 
of decrease in binding constant compared to measurement A is the same for the different dyes. The 
electrodes are then heated on the hot plate until 450 oC degrees for 30 minutes, before doing the 
experiments (measurements C and D), and as can be seen in Table 4.2, The K values are almost the same 
as in measurement A.     

Table 4.2. Binding constants of sensitizers on TiO2 films prepared by spray-pyrolysis, determined using 
modulated photocurrent measurements (measurements C and D were done with heated electrodes)  

Measurement Dye Max. Current  (µA) K (M-1) 

A D5 0.167 4.12E+04 

C D5 0.0341 2.82E+04 

A D35 0.115 4.18E+04 

C D35 0.0911 3.10E+04 

A Z907 0.059 1.90E+05 
C Z907 0.0408 2.07E+05 
D Z907 0.045 1.78E+05 
A N719 0.029 1.31E+05 
A Black dye 0.013 7.58E+04 
A D149 0.0341 9.98E+03 

 

 In the Table 4.3, the K values for the second measurements having the same percentage decrease are 
shown: 
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Table 4.3. Binding constants of sensitizers on TiO2 films prepared by spray-pyrolysis, determined using 
modulated photocurrent measurements (electrodes were not heated) 

Measurement Dye Max. Current  (µA) K (M-1) Decrease in K, compare 
to measurement A (%) 

B D5 0.0595 1.04E+04 25.2 
B D35 0.05 1.00E+04 23.9 
B Z907 0.0242 5.54E+04 29.1 

 

The same experiment is done for the D149 sensitizer. It can be seen that the isotherm graph for this 
sensitizer does not reach a plateau even though the measurement is done for a longer time than for the 
other sensitizers (12500 seconds). A higher concentration of the sensitizer is also used. For this 
sensitizer the carboxylic acid group is not conjugated with a double bond and this could be the reson 
for the behavor of this sensitizer.  
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Figure 4.6. Modulated photocurrent from flat TiO2 electrode as a function of D149 concentration. The red 
curve is Langmuir isotherm fit. 

*Isotherm graphs for other dyes are shown in the appendix 
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4.5.   Importance of sample preparation 

The spray-pyrolysis has also a very large effect on the reproducibility of the measurement. The K 
values for second and third batch of electrodes are different from first batch electrodes. For example 
the K values for D35 and Z907 with the third batch electrodes were 6.83E+03 M-1 and 3.58E+04 M-1, 
respectively, which shows an 18.6% decrease in binding constant for both sensitizers. The current 
convertor had to be changed from 1 mA to 50 µA to get a good signal for the photocurrent.    

 

4.6.   Discussion and summary of results 
We can now summarize the results presented in Table 4.2.: 

Considering the K values in the table and the structure of the dyes, it is possible to say that this 
method is in fair agreement with the structures of these dyes. D5 and D35 have just one binding 
group, Z907 has two binding groups, Black dye has three binding groups and N719 has four binding 
groups. Dyes with one binding group have the lowest K, while the black dye with three binding 
groups has a larger K, and N719 with four binding groups has even larger K. But there is one 
exception; Z907. Although it has two binding groups, it has the highest K value. The reason might be 
the two long hydrophobic groups on one of the ligands which cause a smaller degree of desorption. 

Michael Grätzel and his group [17] used a quartz crystal microbalance with a dissipation technique to 
study dye adsorption on TiO2 film surfaces. The sensitizer they used was N719 in ethanol and the 
reported equilibrium constant is 1.2 × 105 M-1. The reported binding constant is rather close to the 
value of the equilibrium constant in this study, 1.3 × 105 M-1. 

The amount of photocurrent could be explained by the absorption coefficients of the dyes. The 
highest photocurrent belongs to D5 and D35 that have the highest extinction coefficients. The black 
dye with the lowest extinction coefficient has the lowest photocurrent. 

As was mentioned in the theory section, by using the modulated photocurrent technique, it is possible 
to determine an approximate minimum concentration for complete dye coverage. These values are 
reported in Table 4.4. 

Table 4.4. Minimum equilibrium concentration for complete dye coverage  

Dye [C]eq. (µM) 

D5 87.4 (±2.8) 
D35 66.5 (±2.7) 
Z907 75.6 (±2.3) 
N719 99.3 
Black dye 123.6 
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4.7. Effects of coadsorbate 
To improve the cell performance in mesoporous nanocrystalline semiconductor based DSSC, some 
additives like cholic acid (CA) derivatives as coadsorbate, and 4-tert-butylpyridine (TBP) are used 
[33, 34]. Although a mild effect on the photocurrent and large effect on the photovoltage occurs by 
using deoxycholic acid, the dye loading decreases drastically. The effect of chenodeoxycholate on 
dye loading and J-V properties were studied by Nathan R. Neale et al. and their result are shown in 
Table 4.5. 

  

Table 4.5. Effect of Chenodeoxycholic acid on Dye Loading (N719) and J-V Properties [34] 

Adsorption 
condition 

TiO2 electrode treatment Rel amount of 
adsorbed dye 

JSC 

(mA/cm2) 
VOC  

(mV) 
1 dye only 1 13.2 761 
2 dye and adsorbent 0.52 12.0 803 
3 dye followed by adsorbent 0.43 11.4 796 
4 adsorbent followed by dye and adsorbent 0.59 11.6 775 
5 dye followed by neat t-BuOH/MeCN 0.84 12.9 749 
6 dye followed by dye 0.98 12.6 766 
7 dye followed by dye and adsorbent 1.04 11.9 785 
8 dye followed by dye followed by dye  and adsorbent 1.09 11.7 786 

     

Herein the effect of deoxycholic acid (DCA) on the D5 sensitizer is studied by the modulated 
photocurrent technique. 
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Figure 4.7. Modulated photocurrent from flat TiO2 electrode as a function of D5 concentration by using 
deoxycholic acid as coadsorbate. The red curve is Langmuir isotherm fit. 

 

Looking at Figure 4.7, it can be seen that we are very far from saturation concentration although the 
measurements are done for longer time interval (almost 16000 seconds while without DCA it is 
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almost 6000 seconds). The concentration of sensitizer is higher, compared to the same measurement 
without deoxycholic acid as coadsorbate. The reason could be because of less dye coverage as shown 
in Table 4.5. (adsorption condition 4). The dye thus competes with the additive to adsorb on the TiO2 

surface and this causes longer time to reach equilibrium condition.  

 

4.8. Effect of different salts 
For the dye sensitized solar cell, one strategy to reduce the recombination rate at the 
TiO2/dye/electrolyte interface is the addition of Li+ ions to the electrolyte to change the dipole field at 
the TiO2/dye/electrolyte interface [35]. LiClO4 is used as additive salt and in order to study the effect 
of the size of cation, one measurement is done with TBAClO4 in ethanol using Z907 as sensitizer.  
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Figure 4.8. Modulated photocurrent from a flat TiO2 electrode as a function of Z907 concentration by using 
TBAClO4 as additive salt. The red curve is Langmuir isotherm fit. 

 

Using TBAClO4 causes the equilibrium to be far from saturation concentration although the 
measurements are done for longer time interval. One explanation for this result could be weak 
coordination of the TBA+ ion to the TiO2 compared to the Li+. To reach the plateau, a longer time 
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interval is needed but the reason is unclear and it needs more study to understand the facts about this 
behavior.  

4.9. Experimental results for porous electrodes 

The porous TiO2 electrode, as mentioned above, is prepared by the spin coating technique. The 
photocurrent vs. concentration plot is shown in Figure 4.9.  
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Figure 4.9. Modulated photocurrent from porous TiO2 electrode as a function of D35 concentration. The red 
curve is Langmuir isotherm fit. 

As expected, the higher photocurrent is detected for the higher surface area photoelectrode. But it is 
clear that it does not reach the equilibrium point as can be seen in Figure 4.10. We also note that, it is 
not possible to continue the measurement, because after the last injection the photocurrent decreases 
exponentially. The reason for this observation is not completely clear. One explanation could be 
because of dissolved dye molecules in the electrolyte. By injection of more dyes, the number of dye 
molecules in solution increases and since these molecules also absorb light, but do not generate a 
photocurrent, they act as a filter and cause the decrease in photocurrent. The calculated binding 
constant for D35 with porous electrode is 2.36 × 105 M-1, which is very far from the calculated 
binding constant with a flat electrode.   
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Figure 4.10. Experimental result for D35 sensitizer and porous TiO2 electrode (current vs. Time) 

 

 

It was observed that UV treatment also could improve the functionality of the electrode. To study this 
effect, two electrodes prepared in the same batch were used. One of them was used for the 
measurement without any UV treatment after preparation, and the other was wetted with a drop of 
water and then soaked with UV light. The performance of the second electrode was better than the 
first electrode.  
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5.  Conclusion 
 

A modulated photocurrent technique could be used as a good method to measure binding constants of 
dyes on TiO2 surfaces. In particular, binding constants of dyes with carboxylic acid/carboxylate 
groups anchored to bind on the TiO2 surfaces were determined. Other binding groups are not studied 
in this project but it is suggested that the method is valuable for studying other anchoring groups as 
well. It would also be interesting to compare the results with measurements using a different solvent, 
like acetonitrile.  
The modulated photocurrent method is a rather fast method to measure binding constants. All 
processes take between 90 minutes and 180 minutes; depending on the different types of sensitizers. 
The amount of dye used during the measurement is very low and this is important since the dyes are 
expensive. In this method it is not needed to prepare several dye baths at different concentrations to 
immerse TiO2 electrodes for dye up-take. Just one dye solution is prepared and the concentration is 
varied by injection of dyes to the electrolyte during measurement. 
The minimum concentration for complete dye coverage is also possible to determine using the 
modulated photocurrent technique. 
An interesting observation is the occurrence of photocurrent from TiO2 electrodes alone, without 
using any sensitizer, by excitation in the visible region of the solar spectrum using green LED. This 
was discussed to be due to excitation of trap states. 
Most of the work is performed by using dense TiO2 electrodes. For mesoporous TiO2 electrodes 
further optimization is required. 
The preparation process of the dense flat electrodes using spray-pyrolysis technique is very important 
and has very large effect on the results. 
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Popular summary 
 
Energy as a capacity to perform work has had a great effect on human life, and learning how to 
harness energy and how to use it led to a great revolution in human history. It still has an important 
role in our life. 

The forms of energy sources have changed through time. Primary energy forms like coal, oil and 
natural gas which are called fossil fuels have been used for a long time, but the increasing world 
population and advancing industrialization increase the demand and use of fossil fuels. So we face 
two important issues: 

- First, fossil fuels are carbon based fuels and combustion of these release greenhouse gases that 
lead to air pollution and global warming.  

- Second, the supply of fossil fuels is limited and it takes millions of years for them to form by 
natural processes. 

It thus seems necessary to use sustainable energy sources. Sustainability means that not only the 
energy sources have enough supplies for continued use but also that they have less environmental 
impact on, e.g., air pollution and global warming [1]. 

Renewable energy can be divided in two main groups depending on its origin [1]: 

- Solar renewable sources which is divided to direct use like solar thermal and solar photovoltaics 
and indirect use like hydropower, wind power, wave power and bioenergy.  
 

- Another group is non-solar renewable like tidal energy and geothermal energy. 

 

Solar light is electromagnetic radiation emitted by the sun’s surface that originates from the bulk of 
the sun where fusion reactions convert hydrogen atoms into helium. Every second 3.89.1026 J of 
nuclear energy is released by the sun’s core. This nuclear energy flux is rapidly converted into 
thermal energy and transported toward the surface of the star where it is released in the form of 
electromagnetic radiation. The power density emitted by the sun is in the order of 64 MW/m2 of 
which ~1370 W/m2 reaches the top of the Earth’s atmosphere with no significant absorption in the 
space. The latter quantity is called the solar constant [3]. 

Solar radiation represents the largest energy flow that reaches the Earth’s ecosystem. After reflection 
and absorption in the atmosphere, about 100,000 TW of solar energy hits the surface of the Earth and 
is also converted to other forms of energy used by humans, with the exception of nuclear, geothermal, 
and tidal energy.  Solar energy has the potential of becoming a major component of a sustainable 
energy portfolio with constrained greenhouse gas emissions [3]. In Figure 1, the comparison between 
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solar energy and other renewable energy resources and non-renewable energy resources is shown. 
Considering the potential of solar energy, which is shown in Figure 1 (a), and the contribution of solar 
energy in energy consumption in Figure 1 (b) and (c), it is clear that the contribution of solar energy 
despite of its large potential is very low. 

 

 

 

 
 Figure 1. (a) Potential of solar energy [6] (b) Percentage contributions to world primary energy consumption in 
2009, ‘other sources’ are ‘new’ biomass, solar and geothermal energy, and energy from wind, wave, tide and 
wastes. [2] (c) Chart showing percentage breakdown of individual renewable energy sources’ contributions to 
the world primary energy supplies in 2009 [2]. 
 
Solar radiation is a renewable energy resource that has been used by humanity in all ages. Passive 
solar technologies were already used by ancient civilizations for warming and/or cooling habitations 
and for water heating; in the Renaissance, the concentration of solar radiation was extensively studied 
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and in the 19th century the first solar-based mechanical engines were built. The discovery of the 
photovoltaic effect by Becquerel in 1839 and the creation of the first photovoltaic cell in the early 
1950s opened entirely new perspectives on the use of solar energy for the production of electricity. 
Later in 1991, Michael Grätzel and Brian O’Regan invented a new type, of solar cells which is called 
the “dye-sensitized solar cell” (DSSC). Dye-sensitized nanocrystalline solar cells are promising for 
solar energy capturing and conversion because of great improvement in the efficiency and stability 
compared to previous photoelectrochemical solar cells, simple manufacturing and potentially cheap 
price [13, 14, 15].  

A DSSC consists of the following parts: 

- Working electrode (photoanode) that contains TiO2 nanoparticles deposited on a glass or plastic 
substrate. This substrate is normally coated with indium tin oxide (ITO) or fluorine-doped tin 
oxide (FTO) 

- TiO2 film covered with a monolayer of dye molecules which are photosensitive and after 
excitation inject electrons into the TiO2 conduction band 

- Electrolyte which contains a redox mediator 
- Counter electrode which is a platinized FTO or ITO on glass or plastic substrate [9] 

 

Different processes occur during the operation of a DSSC: 

 

Figure 2. The basic electron transfer processes in a DSSC [11] 

When photons reach the adsorbed dye on the surface of the working electrode, the dye molecules are 
excited. The excited dye injects an electron into the conduction band of the semiconductor (TiO2), 
called “charge injection”, Process (2). During the “diffusion process”, injected electron transfers 
through the conduction band to the conductive substrate (FTO), process (3). The electrons can then 
perform work through an external circuit and reach the counter electrode. Process (6) shows 
regeneration of the sensitizer by the redox mediator and process (7) shows the reduction of the 
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oxidized mediator by electrons from the counter electrode. Two unfavorable processes compete with 
process (3), which are the recombination of dye and oxidized mediator and are shown by processes 
(4) and (5) in Figure 2, respectively [12].  

Despite of great improvements in DSSCs, there are still some fundamental problems which affect the 
operation of DSSCs. Recombination processes, especially for one-electron redox mediators (e.g.  
Cobalt complexes) or in solid hole transporting medium, are some of the most important challenges. 
Being able to control these means to increase the efficiency of the solar cell as the open circuit 
voltage (Voc) is limited by recombination rates [16]. Also using multiple dyes, which is called co-
sensitization, is another way to increase the power conversion efficiency (PCE). For studying the 
optical absorption of combination of multiple dyes a “concerto effect” which depends on the fraction 
of dyes coverage and their position on the TiO2 surface is used. All of these results show that, a 
kinetic study of the dye adsorption on the TiO2 photoanode surface and the optimization of the self-
assembled monolayer (SAM) of dye molecules are very important. The performance of the DSSCs is 
strongly dependent on the quality of the adsorption of the dye on the surface of TiO2 [17]. 

There are different methods for measuring the binding constant of dyes on the surface of the 
semiconductor electrode, such as the quartz microbalance with dissipation technique (QCM-D) [17], 
and optical spectroscopic methods [13, 18, 19, 20, 21]. 
The QCM-D technique is a very sensitive method and it is independent of the optical properties of 
samples, but it is an expensive method. Optical spectroscopic methods are rather cheap and simple, 
but the sample preparation is time consuming. In these experiments, the TiO2 electrodes are immersed 
in the dye solution for at least 12 hours. 

In this report, we demonstrate a new in-situ modulated photocurrent technique to study the kinetics of 
the dye adsorption and to measure the binding constant of the dye molecules on the TiO2 surface. The 
dye is injected into the electrolyte in a very small amount. The dye molecules are excited by incident 
modulated green LED light and the resulting AC photocurrent is measured vs. time. In this 
experiment only an inert electrolyte is used, so it is not possible to regenerate the excited dye 
molecules because of absence of the redox mediator. This is the reason for using on/off modulated 
LED. When the light is on, dye molecules will be excited and inject electrons into the conduction 
band of the semiconductor. When the light is off, the electrons recombine with the excited dye 
molecules:  

 
Light on: Dye*-TiO2 → Dye+-TiO2(e-) 
Light off: Dye+-TiO2(e-) → Dye-TiO2  
 

The amount of the adsorbed dye on the TiO2 surface increases with time until it reaches an 
equilibrium state (at the given concentration). Step by step, by injection of dye solution into the 
electrolyte, the number of adsorbed dye molecules on the TiO2 surface increases and the photocurrent 
from the electrode increases as well. The final injection is done when the current does not increase by 
increasing the dye concentration. Finally the photocurrent vs. concentration is plotted and the binding 
constant is determined. 
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Appendix 
 
 
Modulated photocurrent from a flat TiO2 electrode as a function of concentration of sensitizers. The 
red curve is Langmuir isotherm fit. A, B, C, are different measurements with the same conditions for 
studying the reproducibility of the measurement 
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b) D35 
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c) N719 
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