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lead to significant losses in the overall performance (here up to 35 % losses in the up-scaling) 
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1. Introduction 

1.1. Overview  

Life is all about energy handling as all living creatures use energy to 

maintain their life. Humans like other living creatures consume energy. 

With increasing human population and change in human lifestyle the 

consumption of energy increases every year. By the year 2011, the global 

energy demand is about 13TW [1] which is expected to be 16 TW by the year 

2030. Currently, 85% of the needs are fulfilled by fossils fuels [1] which 

results in carbon emission into the atmosphere. It results in global warming 

which is big challenge to the society now. According to Intergovernmental 

panel on climate change (IPCC), 60-80% reduction in the carbon emission 

is needed by year 2020 in order to limit the climate change [2]. It stresses 

towards acquiring clean energy and its efficient use. European Union (EU) 

sets some objectives for energy technology [3] which includes lowering the 

price of clean energy and putting EU industry at forefront of low carbon 

emission technology. 

German physicist Hermann Von Helmholtz calculated the time for which 

Sun can provide energy to the Earth and found it to be order of 20 million 

years approximately [4], hence it can be regarded as an unlimited source of 

energy. This renewable energy source can provide more than the required 

energy to fulfill the world's energy needs. Statistics show that in just a 

couple of hours enough sunlight falls on the Earth's surface to meet the 

whole world's energy needs for one year [5]. International Energy Agency 

(IEA) predicted that by the year 2060, the solar energy would meet half of 

the world’s energy demand and most of the world’s electricity demand [6]. 

Approximately two billion people in the world are living without electricity 

[5]. There are no grid connections to most of such places; hence 

conventional electricity sources are not useful. However, the Sun shines to 

most of such places. It shows the potential and bright future of solar energy.  
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There are two ways to utilize the solar energy i.e. by converting it to 

thermal energy or to electric energy. A device or tool that converts the light 

energy directly into electric energy is known as photovoltaic cell. If the 

source of the light is sun, then it is usually called a solar cell. Photovoltaics 

generate electricity in a clean and silent way with no moving parts. They 

have aesthetic value as well. They are widely seen as reliable, sustainable, 

natural and environmentally friendly energy technology. The photovoltaic 

market is exponentially growing every year. In year 2010, the annual 

production of photovoltaic cells reached 23.5 GW [7]. 

 

Several types of solar cells exist today. The so called first generation 

conventional crystalline silicon solar cells are still dominating the PV 

market by over 85% [7]. The mono-crystalline silicon solar cells have 

achieved around 27.6% [7] efficiency which is very close to the theoretical 

limit for silicon solar cells. However, these types of cells require very high 

quality of crystalline silicon which usually requires expensive processing in 

the clean rooms which adversely affect the price of the end product. This led 

the researchers to think of using multi-crystalline silicon solar cells which is 

much cheaper than mono-crystalline silicon but with reduced efficiencies 

i.e. 20.4% [7]. However, these cells are still very expensive due to the 

amount of material used i.e. the thickness of wafers (200 micrometer). This 

led to the thin film solar cells which are often regarded as second 

generation of solar cells. It includes cadmium telluride (CdTe), copper 

indium gallium selenide (CuInGa(Se)2) and amorphous silicon. The cost of 

these types of cells is much lower than first generation cells, however, 

stability and lower performance are the main issues to these type of solar 

cells. The third generation of solar cells includes multi-junction solar cells, 

organic solar cells and dye solar cells. Multi-junction solar cells, which use 

multiple junctions to increase the absorption of the sunlight, have achieved 

the record efficiencies of 43.5% [7]. They are, however, the most expensive 

solar cells among all types. Both the dye solar cells and the organic solar 

cells are aiming for low cost with additional features such as flexibility of 

the cells and feasibility large scale roll to roll production. The highest 

efficiency for the organic cells is 8.6% [7] whereas dye solar cells have 

achieved around 12.3% efficiency [9]. Dye solar cells (DSCs) offer a lot of 

features such as variety of colors, usage of easy available non-toxic 
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materials, flexibility of substrates, feasibility for large scale roll-to-roll 

production, and efficient working under low light intensities.  

 

The fate of a certain type of solar cell depends primarily on its 

performance, life time and cost. Other fundamental factors include 

availability and non-toxicity of materials, and compatibility with the 

technological facilities needed to manufacture them. Most importantly, it 

depends on the final application to which the solar cell is installed. 

 

1.2. Background and scope  

The main advantage of the DSCs is that they can provide cheaper electricity 

as compared to the conventional crystalline silicon solar cells due to usage 

of cheap materials, simple and easy manufacturing methods, and feasibility 

for large scale roll-to-roll mass production on flexible substrates [10]. 

Specially, the possibility of being flexible, acquiring a variety of colors, 

usage of non-toxic materials and possibility of low weight makes them ideal 

choice for the building integrated photovoltaics (BIPV). However, 

commercialization of this technology requires long term stability which is 

still a challenge for this technology. To overcome this hindrance, a 

systematic study to understand the degradation mechanisms of DSCs is 

needed. 

Traditionally, DSCs are made on glass based substrates which are on one 

side coated with a transparent conducting oxide (TCO). Although in most 

electronics industry indium doped tin oxide (ITO) is used as TCO, due to 

the high temperature thermal treatments fluorine doped tin oxide (FTO) is 

commonly used in the traditional DSCs. According to an estimate about 

60% of the total material cost of DSCs consists of these TCO glasses [11]. 

One way to decrease the cost of DSCs is to use cheap metal substrates [10]; 

however, there are some chemical stability issues involved. The other 

possibility to decrease the price by using TCO coated plastic substrates 

coated with the advantage that they can be mass produced using roll-to-roll 

production. However, the ideal solution would be the complete removal of 

the TCO from the substrates. Similarly, other expensive components of a 

DSC such as platinum catalyst and dye can be replaced with cheaper 
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options. One big challenge in all these efforts to bring the costs of DSCs 

down is their effect on the stability of the DSC.  

 

The goal of this research work is to improve the stability of the DSCs. For 

this purpose, the first step is to develop better understanding of the 

degradation modes in DSCs and to use easy and fast methods to thoroughly 

study the degradation mechanisms in-situ. For the up-scaling of the DSCs, 

it is essential to resolve degradation issues related to the cheap flexible 

metal substrates in DSCs and other degradation issues originated from the 

manufacturing processes. In order to realize commercialization, a DSC 

needs to demonstrate high performance at low cost for long term operation. 

Hence, the materials used in the DSC should be cheap and feasible for roll-

to-roll manufacturing at the same time, and the DSCs should be stable for 

long term operation. 

 

 In this research work, a thorough literature review is done to find out the 

current state of the art of stability of DSCs. It was found that there are no 

defined standards to test the stability of DSCs. However, there are some 

commonly used tests which come from thin film solar cells such as light 

soaking and thermal tests. In addition, it was found that there are several 

degradation mechanisms reported in the literature regarding the 

degradation of DSCs which need further investigation. Therefore, during 

this research work several important degradation processes were 

investigated such as dye degradation, electrolyte bleaching, stability of 

catalyst layers, and ageing of metal based DSCs. In addition, a novel in situ 

method based on visual analysis was introduced to study the performance 

and stability of DSCs. Furthermore, the performance degradation due to the 

spatial distribution of the additives in the electrolyte during the electrolyte 

filling step in the cell preparation is studied in this work.  

 

1.3. Outline of the thesis 

The thesis is organized in five chapters followed by the appendix and the 

original publications. The content of these chapters are as follows:  
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The Chapter 1 introduces the motivation and the scope of this thesis and 

also gives a brief background of the studies. 

The Chapter 2 covers the basic structure and functioning of dye solar cells. 

It also includes the performance parameters of the cells and their 

preparation in the laboratory.  

The Chapter 3 deals with the measurements methods and techniques that 

have been used in the research. A brief introduction to the measurement 

techniques is given and their application on the dye solar cells is discussed.  

The Chapter 4 is comprised of main results of the research work done in 

this thesis, reported originally in the Publications I-VII. The results are 

summarized and thoroughly discussed.  

The Chapter 5 is about the key findings in the research work and important 

conclusions made on the basis of those findings. The contributions and 

implications of this thesis to the field of dye solar cells are discussed. 

The original Publications I-VII are reproduced at the end of the thesis with 

the kind permission from the copyright holders. 
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2. The dye solar cell 

2.1. Dye solar cell structure 

Dye solar cell (DSC) comprises of a photo-electrochemical device consisting 

of a photoelectrode (PE), hole transparent material (HTM) i.e electrolyte 

and a counter electrode (CE) sandwiched together. The schematic of the 

structure of a DSC is shown in the Figure 1.  

 

Figure 1. The schematics of structure of a DSC [12] 

 

The photoelectrode consists of a nanoporous film of a semiconductor 

oxide usually TiO2 (5-20 μm thick) sensitized with a monolayer of a photo 

sensitive dye, deposited on a TCO coated substrate. The most common dye 

used in DSC is hydrophilic red dye (cis-bis (isothiocyanato) bis(2,2'-

bipyridyl-4,4'-dicarboxylato)-ruthenium(II)bis-tetrabutylammonium) 

which is usually referred as N719. In conventional glass based DSCs, the 

TCO is composed of FTO and substrate is rigid glass. In flexible DSCs based 

on plastic substrates such as polyethyleneterephalate (PET) and 
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polyethylenenaphthalate (PEN), ITO is used as TCO [13,14,15,16]. To 

achieve a good conduction of the electrons through the nanoporous film of 

TiO2, the film is sintered at 450-500 °C for approximately 30 minutes. This 

treatment improves the contact between the nano particles and also burns 

out the solvents of the TiO2 paste as well as organic impurities. However, in 

the case of plastic based DSCs, the temperature treatments are limited to 

150 °C. Therefore, other techniques such as pressing [13,14] and laser or 

ultra violet treatments [15,16] have been also applied to improve the contact 

between the TiO2 particles. Generally, the quality of nanoporous films is 

better in glass based DSCs than plastic based DSCs. Fortunately, many 

flexible metal based photoelectrodes can be sintered at the same high 

temperatures as in the case of glass based photoelectrodes [17,18,19]. 

Hence, high quality nanoporous TiO2 films can be achieved in metal based 

DSCs. 

 

The HTM can be a solid or liquid state electrolyte. Liquid electrolytes 

having iodide/tri-iodide redox couple as a redox mediator are mostly being 

used as HTM in the DSC. The common solvents in the electrolytes includes 

3-methoxypropionitrile (MPN) and a mixture of acetonitrile:valeronitrile 

(ACN:VN). However, MPN is preferred over ACN:VN due to its non-toxicity 

and higher boiling point to reach better stability [20]. The boiling point of 

MPN is 164-165 °C whereas that of ACN is only 81-82 °C. Two important 

factors that need to be considered in the case of liquid electrolyte are the 

sufficient vapor pressure (volatility) to reach good stability and low 

viscosity of a liquid electrolyte to get good performance. Another type of 

electrolytes based on ionic liquid has been used in DSCs due to its non-

volatility and excellent stability [21,22,23]. However, the limiting factor for 

such electrolytes may be their high viscosity causing sluggish charge 

transfer [20].  

 

The counter electrode is composed on a substrate coated with a TCO layer 

and a catalyst layer. The commonly used substrate is FTO-glass. In plastic 

based DSCs, mostly it is PET or PEN with ITO coating. Typically the 

catalyst film is composed of a few nanometers of Pt particles. There are 

several ways to deposit Pt on glass or plastic substrate such as thermal 

platinization [24,25], sputtering [26,27], chemical deposition [28,29], and 

electrochemical deposition [19,24,30,31]. Another catalyst material that has 

been used is carbon. As the catalytic properties of carbon are not as good as 
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those of Pt, a thicker layer of few micrometers is required to achieve the 

same catalytic properties [32,33]. Thermal platinization has been the most 

stable option so far [21-25], however, it requires a high temperature 

treatment step at 385 °C for 20 minutes. Therefore, that method cannot be 

applied on plastics and alternative low temperature treatments such as 

sputtering are required. Some metal substrates could endure the high 

temperature treatment but typically better performance is gained with low 

temperature treatments e.g. sputtering as shown e.g. in Publication V. 

 

2.2. Working principle of dye solar cells 

In this section the working principle of a DSC is thoroughly explained with 

the help of the Figure 2.   

 

Figure 2. The schematic is showing the working principle of a DSC including all 

the steps and reactions involved during a complete working cycle and the 

energy levels in the process [12]. 

 

When the light falls on a DSC, the photosensitive dye absorbs the light 

and gets into an excited state by the electrons jumping from the highest 

occupied molecular orbital (HOMO) to the lower unoccupied molecular 

orbital (LUMO) as shown in the step 1 in the Figure 2. The dye immediately 
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injects the electrons into the conduction band of the TiO2 and attains 

oxidized state as shown in step 2. The oxidized state is reduced by the 

iodide in the electrolyte which in turn gets oxidized to tri-iodide as shown in 

the step 3. The tri-iodide is transported to the CE through the electrolyte 

layer. On the other side, the injected electrons are diffused through the TiO2 

film to the TCO layer from where they move through the external load and 

reach the other side of the DSC i.e. CE as marked as step 4 in the Figure 2. 

At the CE, the tri-iodide is reduced to iodide as shown as step 5. The dye is 

ready to absorb new photons and the iodide generated at the CE is ready to 

regenerate the oxidized dye as shown in the step 6 as shown in the Figure 2. 

Those electrons in the LUMO which fail to transfer to the conduction band 

of TiO2, may drop to the HOMO as shown in process (a) in the Figure 2. 

Similarly, the electrons in the conduction band may be recombined with the 

dye or the electrolyte as shown in the process (b) and (c) respectively in the 

Figure 2.   

 

2.3. Degradation of dye solar cells 

Degradation can be defined as loss of performance with the passage of time. 

The degradation may be permanent (irreversible) or temporary (reversible). 

During the last two decades, several degradation mechanisms have been 

reported in the literature (Publication I & II) under different conditions 

leading to the partial or complete loss of the performance of DSCs. 

Sometimes degradation occurred due to chemical instability of the 

materials (Publication V & VI), sometimes it occurred due to the stress 

factors such as temperature, humidity, ultraviolet and visible light intensity 

(Publication III & IV). Both stable and unstable results have been reported 

in the literature using different materials prepared with different 

manufacturing methods (Publication I). Lots of materials have been used in 

a DSC at different locations i.e. at PE, at CE or in the electrolyte. The 

stability data suggests that it is the right combination of materials at the 

right place that leads to the long term stability for DSCs [21,22,23,46].  

The stability of DSCs can be further divided into extrinsic and intrinsic 

stability. The extrinsic stability includes the sealing issues. Good extrinsic 

stability is essential to study the intrinsic stability. The intrinsic stability 
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deals with the degradation mechanisms inside a DSC and their effect on the 

stability of the device i.e. DSC. 

 

The manufacturing methods also play an important role on the stability of 

DSCs, as the same material prepared with different manufacturing methods 

have been shown different stability (Publication V). For instance, thermally 

platinized has shown better stability as compared to sputtered Pt at the CE 

on the glass based DSC at 80°C [54], whereas sputtered Pt showed better 

stability results as compared to thermally platinized at the CE on a metal 

based DSC (Publication V&VI).   

 

The state of the art of stability of DSC is that rigid glass based DSC have 

been demonstrated as stable under light soaking tests at 60°C and thermal 

tests at 80°C for 1000 hours (Table 4). However, the flexible DSCs based on 

plastic and metals have been stable under light soaking at RT (Publication 

V) and stability at 80°C for 1000h has not been achieved yet. No DSC has 

yet passed light soaking test at 80°C for 1000 hours.   
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3. Measurement techniques and 
methods 

The aim of this chapter is to familiarize the measurement techniques and 

methods that were used in this work. Some of the measurement techniques 

are fundamental and are routinely used in the evaluation of the 

performance of a solar cell such as I-V measurements under 1 Sun, 

electrochemical impedance spectroscopy (EIS) and incident-photon-to-

collected-electron efficiency (IPCE). There are also other methods which 

are specifically applied to study a particular phenomenon in the device such 

as Raman spectroscopy, segmented cell method and image processing 

method. To effectively study the degradation mechanisms in DSCs, 

techniques giving chemical information are needed. Unfortunately most of 

the chemical techniques such as mass spectroscopy (MS) require 

disassemble of the DSC which is hampering their use as a standard PV 

technique. However, chemical information can be obtained by using the 

standard PV methods and some other methods such as Raman 

spectroscopy and image processing method after finding a relationship of 

the chemical changes in DSCs with these techniques. This way the 

degradation reactions may be studied using the in-situ measurement 

methods. The Figure 3 shows the measurement techniques used in this 

work and are categorized as destructive and non-destructive. Some of these 

techniques are discussed in later sections. 
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Figure 3. The measurements techniques used in this work categorized as 

destructive and non-destructive. The arrows are pointing to show that in 

respective publications these measurements are used together with standard 

PV measurement techniques. 

 

3.1. I-V under 1 Sun 

The performance of a solar cell is usually expressed in terms of its efficiency 

of converting light energy into electricity. The standard way to measure the 

efficiency of solar cells is by measuring its current-voltage (I-V). Generally, 

I-V measurements are performed in a solar simulator in standard reporting 

conditions (SRC) e.g. 1000 W/m2 of light intensity with spectrum of air 

mass 1.5 global (AM1.5G) at 25°C. This standard condition is also referred 

as 1 Sun. An example of I-V curve of a solar cell is shown in the Figure 4.  
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Figure 4. Typical I-V curve of a solar cell and its characteristic parameters 

 

The important characteristic parameters include short circuit current 

density (iSC), open circuit voltage (VOC), and fill factor (FF). The FF is 

defined as  

SCOC

MPPMPP

iV
iVFF V

   (1) 

where iMPP and VMPP are the current density and voltage at the maximum 

power point (MPP) respectively. The maximum power per unit area 

delivered by the solar cell is given by 

MPPMPPMAX iVP V    (2) 

Therefore, in terms of basic characteristic parameters, the maximum power 

for unit area can be expressed as 

FFiVP SCOCMAX V    (3) 

The efficiency of a solar cell is defined as the ratio of the maximum power 

produced by the cell (W/m2) to the power of the incident light PlN (W/m2). 

IN

MAX

P
PP

    (4) 
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Finally in terms of characteristic parameters, the efficiency of a solar cell is 

given as 

IN

OC

P
FFiV SCV

   (5) 

 

3.2. Electrochemical impedance spectroscopy  

Electrochemical impedance spectroscopy (EIS) is used to study the 

impedances occurring at different components and their interfaces in a 

device, here DSC, during its operation. The different components of DSCs 

have different time constants and thus their impedance response appears at 

different frequencies which can be studied by scanning a range of 

frequencies. Before an EIS measurement, DSC is set to steady state 

operating condition on the I-V curve. During the measurement, the DSC is 

perturbed with an AC voltage superimposing the DC voltage (operating 

condition) and the resulting AC current is measured for a certain frequency 

range. This gives the impedance response of the DSC. The impedance 

response of the DSC can be understood by fitting the equivalent circuit 

model for DSC which is shown in the Figure 5 to the measured EIS 

spectrum. 

 

 

Figure 5. Equivalent circuit model of a DSC [17,34,35,36]. Figure from 

Publication V. 
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The equivalent circuit model parameters are as follow: 

- RS is the ohmic series resistance. It is the sum of the contributions 

from sheet resistance of the substrates (dominant factor), resistivity 

of the electrolyte, electrical contacts and external wiring. 

- Rt (= rtd) is the total electron transport resistance in the TiO2 film. 

rt is the resistivity of the electron transport in the TiO2 film and d is 

the thickness of the TiO2 film.  

- Zd is the mass transport impedance at the counter electrode caused 

by ionic diffusion in the electrolyte. 

- There are also several constant phase element (CPE) / resistor (R) 

pairs which are related to different interfaces denoted in the 

subscript: SU the PE substrate / electrolyte, CO the PE substrate / 

the porous TiO2, CT the TiO2 / electrolyte interface, and CE the 

counter electrode/electrolyte. CPE represents a realistic electrode 

with an uneven and porous surface instead of a pure idealistic 

capacitor. R is the charge transfer resistance at the interface. 

 

The impedance spectroscopy data are presented in Nyquist and Bode 

plots. In Nyquist plot, the real and imaginary parts of the impedance at 

each frequency are plotted in complex planes. In Bode plot, the real and 

imaginary parts are plotted separately as a function of frequency. A Nyquist 

plot of a typical impedance response of a DSC gives at high negative 

voltages two arcs as shown in the Figure 6a. In Bode plot it gives two peaks 

at high negative voltage as shown in the Figure 6b. Generally at high 

negative voltages, one arc in the Nyquist plot and one peak in the Bode plot 

is a result of the RCE and CPECE pair (in Figure 6 at about 1 kHz). Similarly, 

at high negative voltages, other arc in Nyquist plot and other peak in Bode 

plot is a result of RCT and CPECT pair (in Figure 6 at about 10 Hz). 

Sometimes at high negative voltages Zd giving a Warburg element appears 

(in Figure 6 at about 10 Hz) and it is mostly overlapped with the RCT and 

CPECT pair (in Figure 6a&b). The value of RS can be obtained from the 

Nyquist plot by the real axis value at the point where the left most arc 

begins. 
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Figure 6. EIS response of a DSC a) a Nyquist plot: real and imaginary part vs 

frequency (100 mHz – 100 kHz) b) Bode plot: imaginary impedance vs. 

frequency. 

 

Usually EIS is measured in dark as a function of external voltage to get a 

broader view of the performance of the individual components in a DSC. In 

stability studies usually the aged cells show lower RCT and higher CPECT at a 

certain voltage compared to their initial state as shown in the Figure 7a&b. 

In order to study the performance of light independent series connected 

components of a DSC such as RS and RCE, measurements done at the same 

current conditions can be quantitatively compared [12,17]. The easiest way 

to do this is to carry out the measurements at the open circuit conditions 

under illumination as done in Publication V. 
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Figure 7. a) Resistance RPE and b) capacitance CPE caused by the parallel 

connected TiO2 / electrolyte and PE substrate / electrolyte interfaces in a DSC 

with Pt sputtered StS 316 as a counter electrode before and after the light 

soaking test measured by EIS in the dark. Note that RCT = RPE and CPECT = CPE. 

Figure is from Publication V. 

 

3.3. Raman spectroscopy 

Raman spectroscopy is a spectroscopic technique that relies on inelastic 

scattering (the frequency of photons changes after interaction with the 

sample), also known as Raman scattering, of a monochromatic light usually 

from a laser source. Upon interaction with the sample, the photons of the 

laser get absorbed by the sample and then reemitted by it. If the frequency 

of the reemitted photons is the same as the original frequency of the 

incident photons, it is Rayleigh scattering. If the frequency of these 
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reemitted photons either shifted up (anti-stokes) or shifted down (stokes) 

from the initial frequency value, it is called Raman scattering. In confocal 

microscopy, it is possible to focus on a small area undisturbed from the 

signals originating from unintended area with the help of confocal optics. 

Thus Raman allows the analysis volume to be as small as a few cubic 

micrometers. Mostly, Raman spectroscopy is used for qualitative purposes, 

e.g. determination of molecular structures, but also quantitative analysis 

has been reported [38,39]. The intensity of a Raman peak I(ν) is given by 

[38]: 

I(ν) = I0 K(ν) C   (6) 

where I0 is the intensity of the incident laser beam, K(ν) includes the 

frequency dependent terms, ν is the Raman shift in cm-1, and C is the 

concentration of the measured specie. By assuming that the intensity of the 

laser power and the frequency dependent factors remain constant, the 

intensity of species peak at a particular Raman shift becomes directly 

proportional to its concentration. Therefore, the height of the Raman peak 

can be used to estimate the concentration of different species [38]. 

In this work, the Raman spectroscopy was performed by using a HORIBA 

Jobin Yvon LabRam 300 micro-Raman spectrometer. It was equipped with 

a 514 nm argon laser. The power of the laser beam was 1.24 mW which was 

further reduced to 0.0124 mW by using a filter in the measurement setup. 

In the measurements, the laser spot size was approximately 5000 μm2 and 

the measurement time was 5 seconds for a single measurements.  

 

The main advantages of the Raman spectroscopy are that it is a fast and 

non-destructive technique (i.e. does not require cell disassembly) giving 

chemical information which may help to understand the degradation 

mechanisms occurring in DSCs. However, there is a limitation to this 

technique with regards to the application in DSCs that too intense beams of 

laser with longer exposure time may destroy the DSC components, in 

particular the dye. Another important issue is that the very high intensity of 

the laser beam focused on a small area on PE may corrupt the data by 

temporarily or permanently changing the dye structure. In this work, the 

aim was to avoid any damage to the cell components without compromising 
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on the quality of the data. Therefore, an optimum beam intensity and 

measurement time was used that gave good quality data and the cell 

remains undamaged. However, there is still a possibility that exposing the 

dye to the laser beam might change the time for which a dye stay in oxidized 

state which is more vulnerable to degradation (substitution of SCN- ligand 

with electrolyte additives) as compared to dye in ground state. This raises a 

concern that the measured Raman spectra of SCN- might be partly or fully 

affected by the intense laser beam. However, in this study (Publication VII) 

Raman spectroscopy is applied to study the effect of spatial distribution of 

electrolyte components, fortunately different rate of regeneration of dye 

would still serve the purpose of studying the spatial variation. A typical 

Raman spectrum obtained from the PE of a DSC measured is shown the 

Figure 8. 
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Figure 8. Typical spectrum obtained from the PE of a DSC using 514 nm laser 

beam 

 

In order to find the photon flux falling on the spot used for the 

measurement, we can calculate the photon flux using Eq. 7 as follows: 

            (7) 

Where P is the power of the incident laser beam, Ephoton is the energy of a 

single photon of wavelength 514 nm and A is the area of the spot where the 
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laser beam was focused on the sample. The energy of a single photon can be 

calculated using Eq. 8. 

                               (8) 

The short circuit current density generated by the laser beam is given by 

Eq. 9. 

   (9) 

Where qe is the elementary charge and ηIPCE is the quantum efficiency of 

DSC at 514 nm wavelength (here approximately 55%). The ratio of the short 

circuit current density generated by the laser beam to the one generated 

under 1 Sun light intensity gives the light intensity of the laser beam used in 

the measurement in terms of unit Sun. The laser beam intensity used in this 

work is calculated to be approximately 4 Sun.   

 

3.4. Segmented cell method 

The understanding of the degradation mechanisms is vital to improve the 

overall stability of the cells. In this regard a method called ‘segmented cell 

method’ is useful as it may be used to isolate or separate different kind 

degradation processes. A segmented cell consists of two or more segments 

electrically isolated from each other. In a segmented cell two or more cells 

share the same electrolyte. The idea is that any degradation in one segment 

related to the electrolyte may be seen in other cells as shown in Publication 

I and elsewhere in the literature [40]. The segmented cell method can also 

be used to investigate variation in performance due to spatial distribution of 

electrolyte as in Publication VII. A schematic of the different possible 

configurations that may be applied in a segmented cell is shown in Figure 9.  
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a)              b)                c)               d)              e)                f)  

Figure 9. Segmented cell with different segment configurations: a) PE-CE, b) 

dye free PE-CE, c) CE-CE, d) PE-PE, e) CE-TCO, f) TCO-TCO. (PE = 

photoelectrode, CE = counter electrode, TCO = transparent conducting oxide). 

Figure from Publication I.  

 

Depending on the degradation mechanism under study, the segmented 

cell can be applied in suitable configurations to effectively analyze the 

degradation. For instance, a three segmented cell (dye free-PE-CE, PE-CE, 

TCO-TCO) can be used to study the dye desorption phenomenon. Any dye 

desorbed from the PE-CE segment may sensitize the photoelectrode at the 

dye free PE-CE segment via the electrolyte which can be seen as a dramatic 

improvement in the performance. Finally the TCO-TCO segment can be 

used for the optical measurements to analyze the chemical composition of 

the electrolyte. It also provides the possibility to study the TCO-electrolyte 

interface. A chemical analysis of the electrolyte can be performed using 

optical techniques together with electrical analysis. The results would be 

useful to understand the cause and effect of the dye desorption. Similarly, 

the stability of the electrolyte and CE can studied by using three segmented 

cell (PE-CE, CE-CE, TCO-CE). For instance, as the charge transfer at the 

TCO is very poor, if any detached catalyst particle from the CE reaches the 

TCO it would dramatically improve the electrochemical properties of the 

TCO.   

 

A huge advantage with the segmented cell method is that it allows to 

apply various in-situ analysis techniques. The Figure 10 shows a range of 

possible measurement techniques that can be used in-situ (I-V 

measurements, EIS, IPCE, Raman spectroscopy, FTIR spectroscopy, NIR 

spectroscopy, UV-Vis spectroscopy) or ex-situ (SEM, EDX) in parallel. 
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There are few limitations to this method i.e. the response time depends on 

the diffusion through the electrolyte and it may be non-quantitative.   

 

Figure 10. Analysis on segmented cell using various in-situ and ex-situ 

techniques. Figure by courtesy of Janne Halme. 

 

3.5. Image processing method 

As the appearance of the main components may change upon degradation, 

quantitative visual analysis can be a fast and easy way to investigate 

stability. In this regard, here a new in-situ method using image processing 

technique is introduced. Image processing has already been successfully 

implemented in many applications such as automation and robotics, 

sorting of goods in many industries, and city traffic control. A similar 

monitoring technique has been reported to study the sensitization of 

photoelectrode using gray-scale format [41]. In this work to study the 

degradation related to the electrolyte (Publication III), true color format i.e. 

Red, Green, Blue (RGB) is used since color information is essential to 

differentiate the degradation process. Whereas, to study the dye 

sensitization process (Publication IV), gray-scale format is used since in this 

case the intensity of color of the dye sensitized TiO2 film is important. In 

both cases proper color calibration was performed to get high quality 

quantitative results.  



Measurement techniques and methods 

 

 

 

36 

3.5.1. Measurement setup and procedure 

The measurement setup used in the image processing method consists of a 

color sensitive camera, a set of LEDs mounted on a movable tray and a 

platform on which cells can be placed with white background as shown in 

the Figure 11. The camera (Olympus E-620) selected for this system 

features an image resolution of 12.3 Megapixels and a high speed live MOS 

sensor of size 17.3 mm (Horizontal) x 13.0 mm (Vertical). The setup is 

isolated from the external light by covering it from all sides with a black out 

canvas. The cells are mounted on a portable platform with the help of the 

current collectors which makes it possible to measure them electrically as 

well. In order to take photographs from the same distance and position with 

respect to the samples, the portable platform is placed to a fixed position 

under the movable tray. The movable tray can be then moved so that it is 

possible to take photographs of all the cells from the top separately. This 

way the lighting conditions and position of the camera with respect to each 

cell remain the same allowing the comparison of the photographs possible 

with least noise. The photographs are taken in RAW format, which is also 

referred as digital negative, to extract maximum information from the 

images. 
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Figure 11. The measurement setup used in the image processing method 

consisting of a color sensitive camera (Olympus E-620) and a set of four LEDs 

mounted on a movable tray. The cells are placed on a fixed platform 

underneath the movable tray. Figure from Publication III. 

 
 

Before taking the photographs of the actual cells, the lighting conditions 

need to be balanced with a so called ‘color checker passport’ to avoid any 

light noise. This is a critical step for getting proper quantitative color 

information from the images. The color checker passport consists of a grey 

and a colored part. A photograph of the grey plate of the color checker 

passport is taken at the same lighting conditions as the DSCs would have. It 

creates a profile which is applied to the camera settings. Next, it is 

important to make sure that the color shades are the same for all photos of 

DSCs taken at different times. For this purpose, a photo of the color palette 

of the color checker passport is taken with the same camera settings and 

lighting conditions. The image is used to generate a color profile in 

Lightroom 3 software. Later all the photographs are taken using the same 

camera settings. If the images are taken in conditions in which the lighting 
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cannot be easily controlled such as outdoors, every image should have its 

own color calibration. This could be done by doing separate white balancing 

using the grey part of the color checker passport before each photograph 

and placing the color part of the checker passport next to the studied cell for 

each image. In such case it is important to make sure that the lighting is 

homogenous across the cell and the color checker. For this reason for 

instance the use of flash is not advisable in particular in close up images as 

it tends to result in very uneven illumination across the image. 

 

3.5.2. Analysis  

In the analysis, the first step is to generate a color profile that takes into 

account of any variation of the back ground lighting conditions and to make 

the comparison of the color possible. For this purpose, the photograph of 

the color checker passport in RAW format is used. The Lightroom 3 

software reads the RAW format photograph of the color checker passport 

and generates a color profile which is then applied on all the photographs of 

DSCs in RAW format. After the application of the generated color profile, 

the modified photographs in RAW format are converted to JPEG format 

using the same Lightroom 3 software. Once the conversion to JPEG format 

is done, the images are ready for further processing. Finally, Matlab 

software is used to import and process the JPEG images to evaluate the 

RGB (red, green, blue) values for each of the image. In a 24-bit data format 

of the JPEG image, the data is presented in the form of RGB (red, green and 

blue) model which is also known as a true color model. In this model, each 

pixel in the image is composed of three separate 8-bit values corresponding 

to red, green and blue (RGB) component respectively. In an 8-bit format, 

each red, green and blue values span from 0 (binary 00000000) to 255 

(binary 11111111). Typical RGB values of different colors in 8-bit data format 

are given in the Table 1.  
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Table 1. RGB values for 8-bit data format (0 and 255 corresponds to binary 

00000000 and 11111111 respectively). Table from Publication III. 

Color Red Green Blue 

Red 255 0 0 

Green 0 255 0 

Blue 0 0 255 

Yellow 255 255 0 

White 255 255 255 

Black 0 0 0 

 

 

3.5.3. Correlation between electrolyte concentration and color 

In order to study the degradation of electrolyte which is often due to 

decrease in the tri-iodide concentration in electrolyte (i.e. bleaching of the 

electrolyte), a relationship between the tri-iodide concentration in the 

electrolyte and the corresponding RGB pixel values obtained from their 

appearance needs to be established. For this purpose, DSCs prepared from 

a series of electrolytes with different concentrations of iodine were 

processed using image process method as explained in Sections 3.5.1 and 

3.5.2. Iodine is the main source of tri-iodide in the electrolyte. The RGB 

data of cells with varying concentration of iodine are shown in Figure 12. It 

shows that with increasing the concentration of iodine, which is the source 

of tri-iodide in the electrolyte, the blue pixel values are decreasing while the 

red and green pixel values stay practically constant. Within the range from 

0.025 to 0.1 mol/dm3 of iodine in the electrolyte, the resolution of image 

processing method is calculated to be 7.35×10-4 mol/dm3 per one blue pixel 

value. This means that one unit change in blue pixel value corresponds to 
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1.47% changes in the tri-iodide concentration of a standard electrolyte 

(0.05M I2) for DSC. 
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Figure 12. Image processing in terms of RGB pixel values for a series of 

electrolyte containing varying concentration of iodine. (Red = R, Green = G, 

Blue = B). Figure from Publication III. 
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4. Results and Discussion 

This chapter is divided into four sections. The first section presents the 

state of the art of the DSC’s stability and covers the general degradation 

mechanisms in the DSCs. In the second section, a new method based on 

image processing is demonstrated to study the performance and stability of 

the DSCs. In third section, stability of the flexible metal substrates is 

discussed. Finally in the fourth section, segmented cell method is used to 

study the performance degradation in the DSCs due to spatial distribution 

of electrolyte components. 

 

4.1. Degradation mechanisms in the DSCs (Publication I & II) 

This research work was started with a literature review (Publication I) to 

find out the current knowledge regarding the stability of DSCs. The idea 

was to critically investigate the literature to find out the key issues affecting 

the lifetime of a DSC. 

As a DSC consists of several different materials, their internal chemistry 

and their interaction with other materials play a key role in the stability of 

the DSC. In addition, the stress factors such as temperature, light and 

humidity can affect the stability of the DSC by accelerating the existing 

degradation mechanisms or by generating new degradation processes. For 

many of these mechanisms various explanations have been presented. 

 

It was found that although there were several studies done on the stability 

of the DSC, there was a lack of systematic studies which separates the 

hypothesis and mere speculations from solid experimental evidence 

regarding the cause and the mechanisms of degradation. With this 

motivation, in Publication I several hypotheses were studied critically 

covering the degradation processes at the photoelectrode, at the counter 
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electrode and in the electrolyte under different conditions (temperature, 

light intensity and moisture). 

 

4.1.1. Stability tests for DSCs 

The basic aim of an accelerated ageing test is to estimate the lifetime of a 

solar cell in a relatively short period of time. The solar cells are stressed 

under certain conditions where the degradation mechanisms get 

accelerated. A thorough experimental data makes it possible to establish a 

standard test for a specific solar cell type. So far no standards have been 

established for the stability testing of DSCs. Accelerated ageing tests that 

are used for thin films defined in standards referred as ASTM E, IEC 61646, 

IEC 61215 and JIS C-8938 are currently being used for DSC. However, it is 

important to note that the degradation mechanisms in DSC are different 

from thin film solar cells and thus these tests may not be fully applicable. 

Therefore, it is important to establish standard tests for DSCs to estimate 

their lifetime. It is also important to keep the final application in mind 

while defining the standard tests. For instance, indoor applications such as 

toys are usually exposed to only mild and quite constant temperatures while 

solar panels placed outdoors are subject to weathering.  

It is also important to define how much decrease or increase in 

performance of a DSC can be considered stable for certain duration of time. 

In DSC literature, generally when the variation in performance is within 

10% [21,22,23], the DSC is considered to be stable. However, in standards 

for thin films solar cells, only 2% change in performance is allowed to be 

declared stable. At the same time, it is important to set the criteria to 

evaluate the performance of a DSC i.e. whether η alone should be 

monitored or all performance parameters including iSC, VOC and FF should 

be examined. As discussed in the Publication I, at the moment, light 

soaking test at room temperature (RT), 60°C and 80°C, and thermal test at 

RT, 60°C and 80°C are the most commonly used tests to investigate the 

stability of a DSC [21-23]. 
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4.1.2. Degradation at the photoelectrode 

The instability of the photoelectrode can be regarded as a major reason for 

the instability of a DSC. Any degradation in the photoelectrode can greatly 

affect the performance of a DSC specially the iSC. Generally, the degradation 

at the photoelectrode can be categorized into dye desorption, dye 

degradation and degradation in the electron collection. 

The dye desorption has been presented in several articles as a reason for 

the degradation in iSC of a DSC when stressed at 85°C in dark conditions 

[42,43]. It has also been regarded as the main reason for the failure to pass 

80°C thermal test. There are several speculations given in the literature to 

explain the degradation due to dye desorption. One speculation explained 

the dye desorption as a reason of shift in the equilibrium between the dye 

desorped onto the TiO2 and the dye dissolved in the electrolyte due to 

change in temperature [43]. At high temperature i.e. 80°C, the equilibrium 

shifts in the favor of dye desorption into the electrolyte resulting in a lower 

performance of the DSC. On the other hand, at lower temperature i.e. 45°C 

under illumination the equilibrium shifts in the favor of dye re-adsorption 

onto the TiO2 film leading to the recovery of the DSC performance. 

However, this hypothesis is lacking direct solid evidence other than that 

deducted from the changes in the photovoltaic parameters. Another 

speculation about dye desorption states that the decomposition products in 

the electrolyte co-adsorb onto the TiO2 surface favoring desorption of dye at 

high temperature [44]. It has also been suggested that as TiO2 is 

hydrophilic in nature and even a small quantity of water in the DSC may 

lead to desorption of dye [45]. This speculation is supported by the fact that 

only hydrophobic dyes such as Z907, K77 and K19 have been reported to 

pass 80°C thermal test for 1000 hours [22,46,47,48]. 

 

Both N719 and Z907 dyes have been suggested to get degraded at elevated 

temperatures i.e. higher than 80°C as a result of thiocyanate ligand (SCN) 

exchange with the electrolyte solvent MPN or the additives in the electrolyte 

such as 4-tert butyl pyridine (TBP) [49,50]. The SCN ligand substitution 

reaction with TBP is shown in the Figure 13. The worst case scenario would 

be that in all the dye molecules one of the SCN ligands gets exchanged with 

TBP in the electrolyte (i.e. 100% degraded dye). In order to examine this, in 
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Publication II a comparative study was performed between the fresh N719 

dye and a synthesized dye in which one of the SCN ligand is replaced with 

TBP (N719-TBP) to mimic the worst case scenario.  

 

Figure 13. Degradation of the N719 dye by substituting one of the SCN ligand 

with TBP. Figure from Publication II. 

  

Interestingly, the DSCs with N719-TBP showed 50% lower efficiency 

compared to DSCs using N719 as a sensitizer as shown in Figure 14 and 

Table 2. The comparative analysis of N719 dye and N719-TBP dye based 

DSCs revealed that the reduction in the performance in the case of N719-

TBP based DSCs is caused by a lower light harvesting efficiency due to 

approximately 30 nm blue shift in the absorption spectrum, a decrease in 

electron diffusion length around 50% due to a lower electron recombination 

resistance and an approximately 14% decrease in the charge separation 

efficiency as compared to the N719 dye.  
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Figure 14. The I-V curves of the N719 and the N719-TBP based DSCs measured 

under 1 Sun light intensity. Figure from Publication II. 

 

Table 2. The performance parameters of the N719 and N719-TBP based DSCs. 

Data from Publication II. 

Dye iSC (mA/cm2) VOC (V) FF (%) η (%) 

N719 11.7±0.2 -0.65 57.3±1.3 4.3±0.1 

N719-TBP 6.3.3±0.1 -0.57±0.01 63.3±0.3 2.2 

 

As mentioned earlier there are in general a series of other mechanisms 

that affect the stability of the PE that are not related to the dye: Firstly, the 

degradation in the TiO2 film may cause an increase in the electron transport 

resistance in the TiO2 film or the contact resistance of the film. Secondly, 

side products formed in the electrolyte and/or detachment of catalyst 
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particles at the CE that would diffuse and attach to the PE can also affect 

the stability of the PE. Such changes could then also lead to a decrease in 

the electron life time and the recombination resistance. The decreased 

electron lifetime and increased recombination are known to affect the 

performance characteristics of the DSC especially VOC. The application of 

insulation layers such as Al2O3 [51,52] or MgO [52,53] onto the PE has been 

reported to reduce the recombination from the TiO2 film to the electrolyte. 

This kind of blocking layers might also improve the stability of the PE by 

hindering the harmful contamination. 

 

Moreover, the quality of the TiO2 film plays an important role in the 

stability of PE. It is evident from the fact that when DSCs are made on rigid 

glass based substrates where it is possible to sinter the TiO2 film at 450°C, 

there is larger variety of printable inks or pastes to be used at the PE.  

However, in case of  plastic based DSCs  where the temperature treatment 

is restricted to 150°C, there is lesser variety of high quality printable inks or 

paste.  

 

4.1.3. Degradation at the counter electrode 

As the CE is composed of a catalyst layer deposited on a substrate, any 

degradation to the catalyst layer or substrate would have detrimental effects 

on the performance and stability of DSC. The performance of CE is 

determined by its catalytic activity i.e. charge transfer resistance at the 

counter electrode (RCE) which is usually measured through EIS. 

Factors that may affect the catalytic performance at the CE may be 

divided into two categories caused by physical and chemical changes. 

Physical effects include the detachment of the catalyst particles and poor 

adhesion on the substrates. Furthermore, in the case of plastic substrates, 

the permeability to water and oxygen may also adversely affect the stability 

of DSC. The physical stability depends on the type of the substrate, the 

catalyst material and the deposition method. For instance thermally 

platinized glass based DSC are highly stable even at high temperature i.e. 

80°C [22,46,47,48], whereas sputtered Pt based DSC degrade in couple of 

days [54] at 80°C. Carbon based DSCs have demonstrated good stability at 

RT [55],  however, no stability results are reported at 80°C.  Carbon 
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nanotubes (CNT) films deposited on ITO-PET showed lower stability even 

at RT [56,57]. In addition, deposition of by-products in the electrolyte onto 

the CE may also affect the catalytic performance of the CE. Conventional 

tape tests such as ASTM 3359 and bending tests have been used to test the 

adherence of the catalyst particle film on the substrate [58]. 

 

Chemical effects include detrimental chemical reactions between the 

catalyst particles or substrate with the electrolyte. The chemical stability 

depends also on the type of the substrate, catalyst material, the deposition 

method as well as the corrosiveness of the electrolyte. Techniques giving 

chemical information such as optical infrared spectroscopy may be useful to 

examine the by-products in the case of any degradation at the counter 

electrode. Any decrease in the catalytic activity can be studied using EIS. 

Furthermore, in the case of corrosion to the substrate or catalyst film, SEM 

together with EDS or EELS give information about the degrading chemical 

reaction as shown in Publication V. 

 

4.1.4. Degradation of the electrolyte 

Most of the electrolytes for DSCs are based on iodide/tri-iodide redox 

couple. These kinds of electrolytes have a yellow color due to the presence 

of tri-iodide. The tri-iodide plays a critical role in the cell by transferring the 

charge from the PE to the CE by means of diffusion. Any degradation to the 

electrolyte causing decrease in the tri-iodide concentration might thus lead 

to the degradation of the DSC. The stability of electrolyte in a DSC depends 

on several factors such as the type of the CE, the coverage of the dye onto 

the TiO2 and the influence of external factors such as humidity, UV and 

visible light, and temperature. 

The electrolyte in the DSC was shown to be very stable at light soaking at 

RT when using thermally platinized or sputtered FTO glass as CE in 

Publication V. It shows that light soaking alone is not harmful for the 

electrolyte. In another study no bleaching of electrolyte was observed at 

85°C when using thermally platinized CE. The same study revealed that 

bleaching of the electrolyte occurred when DSCs were exposed to light 

soaking at 85°C. Interestingly, the degraded DSCs at 85°C recovered their 
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performance when brought to RT [59]. It seems that some reversible 

reactions occur under that conditions and as the temperature went down, 

the equilibrium was shifted to the other side. It shows that light soaking at 

high temperatures is very challenging for the stability of the DSC.  

 

The degradation in the concentration of tri-iodide can be easily studied by 

measuring changes in the limiting current density (ilim) as done in 

Publication III. In the extreme case, loss of triiodide can even limit the iSC 

by the decrease in the limiting current density. The changes in the triiodide 

concentration can alternatively be studied with EIS as an increase in the 

Nernst diffusion impedance of tri-iodide. Indeed, the degradation in the 

electrolyte which causes increase in the diffusion impedance results also in 

decreasing the FF. The chemical analysis of electrolyte using optical 

(Publication VII) and spectroscopic techniques such as Raman 

spectroscopy and IR spectroscopy may be very useful to find the cause of 

the degradation and the by-products formed. As the degradation involves 

the change in the color of the electrolyte, image processing method can be 

utilized to study the bleaching of the electrolyte as in Publication III. 

 

4.1.5. Sealing issues 

One of the most challenging factors that can affect the stability of a DSC is 

the sealing of the device. The failure of the sealing may result in either a 

gradual loss in the performance or sudden death of the cell. Firstly, the 

liquid electrolyte can leak out of the cell. Secondly, a poor sealing may not 

withstand the high vapor pressure of the solvent and other additives at high 

temperature i.e. 80°C and result in a failure. Thirdly, impurities such as 

oxygen and water may also penetrate into the DSC and harm the device. 

Especially in the case of the plastic substrates, which are permeable to 

oxygen and water, sealing becomes an even more challenging issue. In 

addition, the sealing should also protect the current collectors from the 

corrosive electrolyte. 

The sealing should be mechanically, chemically and thermally stable for 

the working conditions to which the DSC is expected to be exposed. From a 

mechanical point of view, it should withstand external factors such as rain 

and even hail storms and internal factors such as gas bubbles and high 
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vapor pressure of the solvent inside the DSC. From a chemical point of 

view, it should be stable with electrolyte and with the other components of 

the DSC. From a thermal point of view, it should be flexible enough to 

withstand any thermal expansion of the electrolyte but it should also 

remain stable as sealant.  

 

A polymer based hot melt foil Surlyn 1702 is the most common sealant 

used in DSCs and also chemically stable with electrolyte. However, this 

sealant has low softening temperature i.e. below 80°C which results in poor 

stability at high temperatures i.e. 80°C. Another polymer based hot melt 

foil Bynel has been shown to be an excellent sealant for DSCs which work 

properly even at high temperature as the softening temperature is above 

80°C [48]. Another sealing method based on glass frit which is commonly 

used in plasma display panel has also been applied to DSC. It also shows 

excellent stability at high temperatures e.g. 80°C [60]. However, there are a 

few limitations due to the fact that glass frit sealing requires a high 

processing temperature i.e. around 600°C [42,60,61] in particular the 

electrolyte and the dye need to be introduced in the cell after the high 

temperature sealing step. 

 

4.1.6. Cross-line between performance and stability limiting 

factors 

The performance parameters, i.e. iSC, VOC and FF, are limited and affected 

by different processes in the DSCs. For instance iSC is usually limited by the 

absorption and injection by the dye. That is why any decrease in iSC is 

usually ascribed to the degradation of the dye. However, it is not always 

true as mentioned earlier for instance decrease in the iodine concentration 

might limit iSC. 

There are often several degradation mechanisms occurring in the DSC 

simultaneously. It may happen that a particular degradation becomes 

dominant and limit the performance parameters of the cell. For instance, 

under severe conditions when the iSC is limited by the ilim instead of the dye 

due to the decrease in the tri-iodide concentration in the electrolyte, iSC is 

no more sensitive to the degradation of the dye. Therefore, before making 
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any conclusion about the stability of a certain component in the DSC, it is 

important to keep in mind while doing the analysis that which process is 

limiting a particular performance parameter.  

 

4.1.7. Current state of the art of stability of DSC 

The stability of the DSCs depends on the stability of individual components 

as well their combination in the cell, in particular the dye-electrolyte 

combination. The state of the art of stability for important dyes that have 

been used in DSCs is presented in the Table 3. Generally, hydrophilic dyes 

such as N3, N749 and N719 are not stable for 1000 hours under 80°C. 

However, the amphiphilic dyes such as Z907, K19 and K77 have been 

reported to be stable for 1000 hours.  

 

Table 3: List of important dyes with their molar extinction coefficients and 

their stability status at 80 °C. Data from Publication I. 

Dye 

Peak molar 

extinction 

coefficient (M-1 cm-1) 

Stability at 80 

°C for 1000 h 

N749 7.8×103 [62] Unstable [66] 

N719 14×103 [63] Unstable [46,64] 

Z907 12.2×103 [64] Stable [46] 

K19 18.2×103 [64] Stable [64,48] 

K77 19.4×103 [65] Stable [22,65] 

C103 18.8×103 [23] Not known 

C104 20.5×103 [66] Not known 

TH304 41×103 [67] Not known 
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The state of the art of stability for important types of electrolyte that 

have been used in DSCs is presented in the Table 4. Generally, all the 

three types of electrolyte i.e. liquid electrolyte, polymer gel electrolyte and 

ionic liquid based electrolyte have been shown to be stable for 1000 hours 

under 80°C. However, it is important to mention that this high stability is 

achieved only when using amphiphilic dyes. The stability data in the Table 

4 is presented according to the maximum efficiencies achieved for the 

respective electrolyte. 

 

Table 4: The state of the art of DSCs using different kinds of 
electrolytes with respect to their stability at two challenging conditions. 

Data from Publication I. 

Electrolyte 

type 

Dye Light soaking at 

60 °C for 1000h 

Thermal stress at 

80 °C for 1000 h 

Efficiency 

(%) 

Liquid 

electrolyte 

C103 [23] 

K77 [22] 

Passed 

Passed 

- 

Passed 

9.6 

9 

Polymer gel 

electrolyte 

Z907 [46] Passed (55 °C) Passed 6 

 

Ionic liquid 

electrolyte 

C103 [23] 

K77 [22] 

Z907Na [21] 

Passed 

Passed 

Passed 

- 

Passed 

- 

8.5 

7.6 

8.2 
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4.2. Visual analysis of DSC (Publication III & IV) 

The most important components of a DSC i.e. dye, electrolyte and catalyst 

material have specific colors. For instance, the N719 dye which is the most 

commonly used dye in DSC has a red color, the electrolyte has usually a 

yellowish color due to the presence of tri-iodide in the electrolyte whereas 

Pt catalyst particles have a grayish color. The degradation of these 

components may cause visual change in the appearance of the cell. For 

instance, the desorption of the dye into the electrolyte that has been 

proposed to occur in literature [42,43] at elevated temperature i.e. 80°C 

would change the color of the electrolyte towards reddish color. Similarly, a 

decrease in the tri-iodide concentration in the electrolyte could cause a 

bleaching of the electrolyte [68,69]. Any degradation reaction involving the 

tri-iodide and the catalyst material would lead to the bleaching of the 

electrolyte and consumption of the catalyst particles [70,71]. In the case of a 

leakage of the electrolyte through the sealant, the marks of the leaked 

electrolyte can be seen visually. In the worst case, the leaked electrolyte may 

corrode the silver grids which can also be seen visually [72]. It shows that 

there is some relationship between the performance of DSC and its 

appearance. In this work, visual analysis is done using image processing 

method described in section 3.5 to demonstrate the applicability of the 

method to study the bleaching of electrolyte and the effect of sensitization 

time on DSC performance. 

 

4.2.1. Bleaching of electrolyte 

The bleaching of the electrolyte has been reported in the literature and it has been 
to some extent been already covered in Section 4.1.4. In Publication III, three 
different configurations of cells were made i.e. PE-CE, CE-CE and TiO2-CE as 
shown in the Figure 15 to isolate the degradation processes. As the purpose of this 
work is to demonstrate the image processing method to investigate the stability and 
performance of a DSC, all the cells were exposed to extreme conditions i.e. 
UV+Vis illumination at 85°C to accelerate the bleaching process. In addition to the 
image processing method, I-V measurements in dark and under 1 Sun at room 
temperature were also performed on day 0, 1, 5 and 10 respectively. The purpose 
was to correlate the visual changes with the changes in the electrical performance. 
After the ageing period of 10 days, the cells were exposed to multiple cyclic 
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voltammetry scans between -1.5V to 1.5V in order to see whether the bleached 
electrolyte recovers its color as observed by Hauch et al. [26] or not.  

 

Figure 15. Three different cell configurations (a) PE-CE, (b) CE-CE, and (c) 

TiO2-CE employed to isolate the degradation mechanisms (PE = 

photoelectrode, CE = counterelectrode, TCO = transparent conducting oxide). 

Figure from Publication III. 

 

As discussed in Section 3.5, the bleaching of the electrolyte would result in 

increasing blue pixel value. Interestingly, the bleaching trend was different 

in different configurations as shown in the  

Figure 16. The normal DSC, referred here as a PE-CE cell, showed a 

gradual increase in the blue pixel value representing a gradual loss of yellow 

color of the electrolyte. The CE-CE cell did not show much change in the 

blue pixel value representing no change in the electrolyte color. Hence, it 

can be concluded that the CE (thermally platinized on FTO glass) and 

electrolyte themselves are very stable under the ageing conditions and 

bleaching involves the PE. The TiO2-CE cell showed sharper rise in the blue 

pixel value as compared to the PE-CE cell indicating a more rapid bleaching 

in the case of the TiO2–CE cell. As the PE is comprised of TiO2 porous film 

sensitized with photosensitive dye, the different bleaching rate of the PE-CE 

cells and the TiO2-CE cells shows that in fact the TiO2 film is responsible for 

the bleaching of the electrolyte. Moreover, it can be deducted that the dye 

on the TiO2 film is actually protecting against the bleaching reaction. 

Interestingly, in all the three cases electrolyte recovered its color to some 

extent as shown by the decrease in the blue pixel value when the cells were 
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exposed to multiple cyclic voltammetry scans between 1.5V and 1.5V after 

the ageing period. 

 

 

 

 

 

 

      

 

   

 

 

 

 

 

 

 

 

Figure 16. The RGB pixel values of images in 8-bit format as a function of time 

for different cell configurations: a) PE-CE, b) CE-CE, c) TiO2-CE aged under 

UV+Visible light at 85°C for 10 days followed by cyclic I-V measurements to 

recover the electrolyte color after 10 days . (Binary 00000000 and 11111111 

corresponds to decimal 0 and 255 respectively). Figure from Publication III. 
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I-V measurements were performed in dark to see the effect of decreased 

tri-iodide concentration on ilim. ilim is directly proportional to the 

equilibrium concentration of tri-iodide  in the case where tri-iodide is 

the only current limiting ion [26]: 

,   (10) 

where, F is the Faraday’s constant,  is the diffusion coefficient of tri-

iodide, and d is the thickness of the electrolyte layer. ilim can be seen as the 

saturation current density of a reverse biased cell. 
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Figure 17. I-V curves of cells with different configurations in the dark: a) PE-CE, 

b) CE-CE, c) TiO2-CE. Figure from Publication III. 

 

Figure 17 shows I-V curves of the PE-CE, CE-CE and TiO2-CE cells over a 

voltage range of -1.5V to 1.5V measured in dark. ilim of the PE-CE cells 

decreased gradually as shown in Figure 17a as expected from the gradual 

increase in the blue pixel value (representing gradual decrease in the tri-

iodide concentration leading to gradual bleaching of the electrolyte) shown 

in  

Figure 16a. ilim was indeed so low on day 10 that it was limiting the iSC. 

However, prior to day 10 ilim was much higher (above 25 mA/cm2) 

compared to iSC (max 11 mA/cm2) which means that iSC was not limited by 

decreased ilim. In the TiO2-CE cell, the ilim decreased sharply from a value of 

more than 29 mA/cm2 to 0.02 mA/cm2 during the ageing period in 

accordance with the faster rate of increase in the blue pixel value shown in  

Figure 16c. This represents a faster decrease in the tri-iodide 

concentration in the TiO2-CE cell leading to the faster bleaching of the 

electrolyte as compared to the PE-CE cell. Interestingly in the CE-CE cell 

the ilim stayed roughly the same as expected based on the image processing 

results shown in  

Figure 16b where the blue pixel values remained practically constant. This 

represents no significant change in the tri-iodide concentration leading to 

no significant bleaching of the electrolyte. Hence, the results obtained using 

I-V curves measured in dark are in agreement with results obtained using 

image processing method.  

 



Results and Discussion 

57 

 

 

 

4.2.2. Effect of dye sensitization time on performance 

The sensitization of the dye on the TiO2 plays the most important role in the 

operation of a DSC. The performance of a DSC is greatly affected by the dye 

sensitization time. For instance, if the dye sensitization time is too short 

than the amount of dye chemisorbed onto the TiO2 is too low. Similarly if 

the sensitization time is too long then the dye starts getting physiosorbed 

onto the monolayer of dye already absorbed on the TiO2 particles. In both 

cases, the performance of the DSC is adversely affected. Hence, there is a 

need to optimize the dye loading time and conditions i.e. optimum 

temperature. In Publication IV image processing method was used to study 

the effect of dye sensitization time onto the TiO2 film. The main aim of this 

study is to demonstrate the applicability of image processing method to 

monitor the dye loading process and its effect on the final DSC. 

In this work, PEs were prepared for DSCs with varying dye loading time 

i.e. 0, 10, 100 and 1000 minutes. It is commonly known that if the TiO2 film 

is not fully dye loaded, the dye concentration is expected to be larger in the 

outer surface of the TiO2 film than in the inner parts of the TiO2 film. When 

analyzing the results, it is important to keep in mind this uneven 

distribution of the dye. The electrical performance of the DSCs prepared 

with PEs with varying dye loading time is shown in the Table 5. The results 

show that the dye loading is improving the DSC performance till 1000 

minutes (approximately 16 hours), however, from this data it is not possible 

to determine the optimized dye loading time.  
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Table 5: Performance parameters of the DSCs having sensitization time of 0, 10, 

100 and 1000 min respectively, obtained through current voltage curves 

measured under 1 Sun. Table from Publication IV. 

Time (min) iSC (mA/cm2) VOC (V) FF (%) η (%) 

0 0.02 0.21 38.5 0.0 

10 1.16 0.59 65.9 0.4 

100 4.22 0.65 67.9 1.9 

1000 10.14 0.72 70.3 5.2 
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Figure 18. RGB pixel values of the active area of DSCs having different dye 

loading times. Figure from Publication IV. 

 

For the visual analysis photographs of all the DSCs prepared with varying 

loading times were taken after the cell assembly. With an increasing dye 

loading time, the TiO2 film got darker and darker, and correspondingly the 

photographs show that the RGB pixel values are also decreasing as shown 

in the Figure 18. As simultaneous decrease in R, G and B values are 

occurring; visual analysis can be performed in a better way by monitoring 

the intensities of the dye color. Therefore, the image processing in gray 

scale format is more convenient here. For this purpose, the RGB pixel 

values are transformed to gray scale for all the images using the Eq. 11 [73]: 
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Gray = (0.299×R + 0.587×G + 0.114×B)      (11) 

 

The decreasing gray scale values as shown in Figure 19 and increasing 

performance as shown in the Table 5 with increasing dye loading time is in 

a relationship as expected. Therefore, image processing method can be used 

to monitor the dye loading process as also done in previous studies [41]. 

More experiments and thorough calibration work is needed to estimate the 

performance of the DSC using the color of the PE. 

 

Figure 19. Gray scale value for the corresponding RGB values given in Figure 5 

using Eq. 11. Figure from Publication IV. 

 

 

 

 

 

 

0 10 100 1000
0

50

100

150

200

250

G
ra

y 
sc

al
e 

va
lu

e

Time(min)

 Gray scale value
Gray = (0.299*R + 0.587*G + 0.114*B)



Results and Discussion 

 

 

 

60 

4.3. Stabilization of flexible metal based DSCs (Publication V & VI) 

There is a significant interest for using metal substrates in DSCs due to the 

feasibility for the roll-to-roll manufacturing. Usage of cheap flexible metal 

substrate would significantly drop the cost of the DSC as majority of the 

material cost is due to the TCO coated substrate [10]. One compromise is 

that the cell is no more bifacial and light harvesting can be done only from 

one transparent side of DSC. Additionally, attaining long term stability with 

metal substrates in a DSC is required for their usage in this technology. 

4.3.1. Stability of metal photoelectrodes 

In order to be used at the PE of DSC, firstly flexible metals need to be 

chemically stable against the corrosive electrolyte. Secondly, they must 

withstand the high temperature i.e. approximately 500°C required for the 

TiO2 film sintering. Many metals corrode in the iodine electrolyte [24,25]. 

Basically the lowest cost metal that remained stable after so called 

electrolyte soaking test is stainless steel (StS) [24,25]. In an earlier study, 

the stability of wide range of metal substrates as a DSC PE was investigated 

[74]. In that work, metal substrates such as StS 314 and StS 321, acid proof 

StS such as StS 316 and StS 316L, Inconel alloy 600 and Titanium foils (Ti) 

were used as a substrate for PE. Commercially available high stability 

electrolyte (HSE) by Dyesol and thermally platinized FTO glass as CE were 

used. The DSCs prepared with above mentioned metals together with a 

glass reference cell were exposed to light soaking test at 40˚C with a light 

intensity of 1 Sun.  

It was found that all the metal cells degraded completely in a couple of 

days except the ones prepared with Inconel 600 and Ti. One of the 

hypotheses was that the degradation was due to corrosion. However, the 

SEM images did not reveal any corrosion marks [74]. There were also two 

other hypothesis, increased current leakage and so-called iron 

contamination, but those were not either supported by the tests. Further 

research is needed to find out the degradation mechanism leading to this 

quick failure. On the positive side Inconel 600 and Ti passed the light 

soaking test and are thus suitable metal substrate materials for the PE of a 

DSC. The stability results of that study are presented in the Table 6 for the 

sake of comparison with the metal CE studies (Publication VI). 
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4.3.2. Stability of metal counter electrodes 

In order to be used at CE of DSC, the flexible metals need to be chemically 

stable as in case of PE. At the CE, the metal substrates do not necessarily 

have to withstand high temperature treatment depending on the catalyst 

layer deposition method. For instance, if the CE is thermally platinized then 

flexible metal must withstand approximately 400°C. However, there are 

low temperature treatments available to prepare a good quality CE 

[19,24,26-31]. In Publication V, metal based CEs were prepared using both 

thermally platinized (high temperature treatment) and sputtered Pt (low 

temperature treatment) to find the performance and stability of DSCs.  

First, the DSCs were prepared with the same selection of metals i.e. StS 

304, StS 321, StS 316, StS 316L, Inconel 600 and Ti together with the glass 

based DSC as reference as used in earlier study [74] using thermal Pt. The 

cells were tested under the same ageing conditions as for the DSCs with 

metal based PEs in Section 4.3.1 i.e. under light intensity of 1 Sun at 40°C. 

Interestingly, the results obtained with the metals at CE were different from 

the results when same metals were used at the PE as illustrated in Table 6. 

DSCs with counter electrodes on StS 304, StS 321 and even Inconel, which 

was stable at PE, degraded overnight. On the positive side, both StS 316 and 

StS 316L showed better stability at the CE as compared to when used at the 

PE. In spite of better stability, StS 316 degraded gradually during the first 

four weeks of ageing followed by a dramatic degradation leading to 

complete loss of performance. However, some of the StS 316L based cells 

remained stable throughout the ageing period. Only Ti based cells were 

consistently stable with the thermal Pt treatment. On the cells that were 

degraded at the CE (including StS 304, StS 321, StS 316 and Inconel 600), 

corrosion marks were found on the substrate using SEM and the color of 

the electrolyte was also bleached. Therefore, it can be concluded that 

corrosion is the main reason for the failure of the degraded cells when using 

metals based CE. In contrast such corrosion marks have not been detected 

in the case of metal based PE [74]. This further confirms that degradation 

reactions occurring at PE and CE are different. The reason for this is 

suspected to originate from the different polarization in the case of PE and 

CE.  
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To improve the stability of metal based DSCs, a protective coating of 

sputtered Pt was applied on the metal substrates. The sputtered Pt acted as 

both the protective layer as well as the catalyst layer. The DSCs were 

prepared with the same above mentioned metals and subjected to similar 

testing. Figure 20 shows that the sputtered Pt was successful in preventing 

corrosion; in all but one case (Inconel), the cells were stable during the 

1000 h test. It is evident from the improved stability results that the higher 

coverage provided by the sputtered Pt to the metal substrates as compared 

to thermal Pt increased the resistance against the corrosive action of the 

electrolyte. The degradation of the Inconel 600 even using sputtered Pt 

showed the tendency of Inconel 600 for the corrosion at the CE. It might be 

related to the high nickel content (72%) in Inconel 600, as StS were 

remained stable which have 10% nickel.  
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Figure 20.  Typical performance parameters of cells with different metals as 

counter electrode substrate and sputtered Pt catalyst layer a) short circuit 

current density iSC, b) open circuit voltage VOC, c) fill factor FF and d) efficiency 

η as a function of time. Figure from Publication V. 

 

The degraded Inconel 600 substrate was further investigated using SEM 

imaging. The image of the Inconel substrate before the ageing test is shown 

in the Figure 21c. After the ageing test, a number of corrosion pit holes 
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appeared on its surface as shown in Figure 21a. The Figure 21b showed the 

magnified image of the pit hole marked with a rectangle in Figure 21a. 

 

 
Figure 21. a) A SEM image of a sputtered Inconel 600 substrate after the ageing 

test. b) A magnified SEM image from the area which is marked with rectangle in 

figure a showing a corrosion pit hole. c) A SEM image of Inconel substrate 

before the ageing test. Figure from Publication V. 

 
 

The EIS was performed on the cells at the open circuit conditions under 

illumination as the performance of the light independent series connected 

components such as series resistance RS and charge transfer resistance RCE 

at the CE can be quantitatively compared. In the EIS analysis, all the Pt 

sputtered metal CEs, except Inconel 600, as well as reference glass DSC 

showed similar trend in ageing. As an example Pt sputtered StS 316 is 

presented here as shown in  
Figure 22. The Pt sputtered Inconel 600 based DSC degraded before the 

initial measurement due to corrosion.  
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Figure 22. EIS response of a DSC having Pt sputtered StS 316 as counter 

electrode before and after the light soaking test measured under illumination at 

open circuit conditions. The data is shown as a) a Nyquist plot b) imaginary 

impedance Z’’ vs. frequency f and c) real impedance Z’ vs. f. Figure from 

Publication V. 

 
 
 

 

Figure 22a shows the Nyquist plot of the Pt sputtered StS 316 based DSC 

measured under illumination at open circuit conditions. The RS which is 

mainly caused by the sheet resistance of the substrate and given in the 

Nyquist plot by the real axis value before the left most semicircle starts. It is 

clear from  

Figure 22a that RS did not change during the ageing. The smaller circle at 

the left in  
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Figure 22a, corresponds to the high frequency features in  

Figure 22b&c and represents the RCE at the CE/electrolyte interface. It 

was found that RCE decreased from 10 Ωcm2 to 1.5 Ωcm2 which relates to a 

significant improvement in the catalytic activity at the CE. This increase in 

the catalytic activity should give rise to improvement in FF. However, such 

increase in FF was not detected as Figure 20 indicates. At the same time, a 

slope (45°) attached to the semicircle appeared in the case of aged DSC as 

shown in  

Figure 22a. This slope represents the transport resistance in the TiO2 

film. It is not possible to conclude whether the transport resistance 

increased in the aged cell or not, because the slope was visible in the EIS 

spectrum before the ageing.  

 

Table 6. A comparison of stability of metal based DSCs when different metals 

substrates were used at PE and CE under ageing conditions of 1 sun equivalent 

light intensity at 40 °C for 1000 h test. Stable = passing of 1000 h with only 

minor loss of performance; unstable = significant loss of performance during 

1000 h test; very unstable = significant loss of performance in first 24 h of 

testing. Table from Publication VI. 

Metal PE 

Metal CE with 

a thermal Pt 

layer 

Metal CE with a 

sputtered Pt layer 

StS 304 very unstable very unstable stable 

StS 321 very unstable very unstable stable 

Acid proof steel 316 very unstable unstable stable 

Acid proof steel 316L very unstable stable stable 

Inconel 600 stable very unstable unstable 

Titanium stable stable stable 

 
 
 
 

 

 

 

 



Results and Discussion 

67 

 

 

 

 

 

Table 6 gives a general overview of the stability of different metal 

substrates including StS 304, StS 321, StS 316, StS 316L, Inconel 600 and 

Ti. The stability results are given for metal substrates used at the PE and the 

CE with thermal Pt or with sputtered Pt. The stability status is defined into 

three categories i.e. very unstable, unstable and stable. The DSCs which 

remained stable or lost minor performance over the entire ageing period 

are declared as stable. Those DSCs which lost their performance 

significantly during the ageing period are marked as unstable. On the 

extreme side those cells which degraded completely within 24 hours are 

marked as very unstable. It is clear from Table 6 that only Inconel 600 and 

Ti are found stable while the rest of the metals were very unstable when 

used at the PE. Different results were obtained only for StS 316, StS 316L 

and Inconel 600 while rest of the results remained the same when the 

metals were used at the CE using thermal Pt as the catalyst. Inconel 600 

was found to be very unstable at the CE. StS 316 was found to be unstable 

and StS 316L was found to be stable. Dramatic improvement was seen 

among all the cells when sputtered Pt was used at the metal CE. All the 

metal based DSCs remained stable in the test with an exception of Inconel 

600 which was found unstable but not very unstable. It shows that Inconel 

is highly prone to corrosion and even the protective sputtered Pt coating did 

not manage to save it.  
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4.4. Segmented cell method to study DSCs (Publication VII) 

 

Figure 23. a) Schematics and b) a photo of a four segment cell. Figure from 

Publication VII. 

 

Recently, it was found that the electrolyte filling process resulted in spatial 

variation of the electrolyte components in the DSC causing spatial variation 

in performance [75]. The motivation in this work (Publication VII) was to 

find which electrolyte components are subject to this effect. The overall aim 

was to minimize the spatial performance losses which would affect in 

particular large area cells.  For this purpose, a four segmented cell 

configuration was applied to monitor the performance variations across the 

cell. The schematic and a photograph of the segmented cell configuration is 

shown in the Figure 23. 

Here five different electrolytes listed in Table 7 were investigated. The 

composition of electrolytes was chosen in such a way that it allows to 

observe the effect of each additive or components used in the electrolytes. 

For instance, the first electrolyte contains TBP and LiI in addition to I2 in 

MPN. In second electrolyte the TBP is replaced with NMBI keeping other 

components the same. In third electrolyte, LiI is replaced with PMII and in 

fourth electrolyte GuSCN is added to the third electrolyte. Finally, a 

commercially available electrolyte (HSE by Dyesol) was also used for 

comparison with other electrolytes. 

 

 

a) b) 
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Table 7. Composition of electrolytes in molar concentrations. Table from 

Publication VII. 

Electrolyte name I2 TBP NMBI LiI PMII GuSCN Solvent 

TBP-LiI 0.05 0.5  0.5   MPN 

NMBI-LiI 0.05  0.5 0.5   MPN 

NMBI-PMII 0.05  0.5  0.5  MPN 

NMBI-PMII-
GuSCN 0.05  0.5  0.5 0.1 MPN 

 

 

The I-V curves of all the cells in the segmented cells were measured under 

1 Sun at RT. The performance parameters of all the segments in the 

segmented cells are given in Table 8. It was found that VOC was 

systematically decreasing from segment 1 to segment 4 in the case of all the 

studied electrolytes. The variation of VOC was the largest with 4-tBP-LiI and 

NMBI-LiI electrolyte in which case there was also systematic increase of iSC 

from segment 1 to segment 4. Usually, 4-tBP and NMBI are added in the 

electrolyte to increase the VOC. Thus, decrease in VOC in all the cells results 

due to decreasing concentration of 4-tBP and NMBI from segment 1 to 

segment 4. In an early study, electrolyte solution containing only LiI and I2 

gave uniform performance in the 4-segmented cells [75], which means LiI 

alone does not cause spatial variation problem. However, here LiI is used 

together with 4-tBP or NMBI. In literature formation of Li+ and 4-TBP 

complexes have been reported [76,77]. It appears that in segments having 

higher concentration of 4-tBP or NMBI, Li+ concentration decreases due to 

the complex formation. Decrease in Li+ concentrations leads to the higher 

shift in the conduction band of TiO2 which would result in decrease in 

injection efficiency and finally result in decreasing iSC.  

 



Results and Discussion 

 

 

 

70 

Table 8. The performance parameters of the individual segments and their 

parallel connection in comparison to the small reference cell for different 

electrolytes. Table from Publication VII. 
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As the hypothesis for the phenomenon is that the electrolyte components 

are not distributed evenly, the next step was to perform a chemical analysis 

of the electrolyte in each segment. The Raman spectroscopy for being a 

non-destructive method was suitable for analyzing different segments in all 

the segmented cells. However, the FTO-glass plates used in the actual 

segmented cells were in fact so thick (2.5 mm) that they interfered with the 

quality of the Raman response. Thus for the Raman cells a series of 

segmented cells were made in which the counter electrode was replaced 

with a thin microscope glass (1 mm). 

 

The Raman spectra at the PEs of the reference cells of all the five different 

electrolytes are shown in the Figure 24. The Raman spectra for all the cells 

were apparently quite same except at some frequencies the intensities of the 

peaks are varied. This already implies that there were no separate peaks 

seen for different electrolyte additives such as TBP and NMBI. In literature, 

Raman peak for 4-tBP and NMBI should appear at 996 cm-1 and around 

1360 cm-1 respectively [78,79]. However, there were no peaks in those 

regions showing weak Raman signals for the 4-tBP and NMBI. This might 

be due to the fact that the sample referred in the literature [78,79] were 

only based on a mixture of MBI and LiI in MPN or 4-tBP liquid, whereas 

here the Raman spectroscopy was performed on complete DSCs which also 

included the dyed TiO2 films. Other studies using Raman spectroscopy on 

complete DSC also did not show these peaks either [79,80].  
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Figure 24. Comparison of Raman spectra at the photoelectrodes of reference 

cells with the different electrolytes in the range 0-2400 cm-1. Figure from 

Publication VII. 

 

There were significant differences in the peak heights around 2106 cm-1. 

The peak around 2106 cm-1 is associated with the thiocyanate (SCN-) in the 

literature [79,80]. The SCN- ligand which is attached to the Ru atom of the 

dye plays a major role in regenerating the oxidized dye. In order to see the 

effect of the spatial distribution of electrolyte on the SCN- ligand attached 

to the dye in a better way, the Raman spectra of all the segments of the 

segmented cells and corresponding reference cells are presented in the 

range of 2000 to 2300 cm-1 as shown in the Figure 25.   
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Figure 25. Comparison of Raman spectra at the photoelectrodes of segmented 

cells and corresponding reference cell using electrolyte a) 4-tBP-LiI, b) NMBI-

LiI, c) NMBI-PMII, d) NMBI-PMII-GuSCN and e) HSE in the range of 2000 – 

2300 cm-1. f) The SCN- peak heights of all the segmented and reference cells vs. 

JSC. The solid line is a phenomenological model fitted to the data: JSC = JMAX (I-

I0)/[(I-I0)-R] where JMAX is maximum photocurrent expected from the device I0 

is a background SCN- peak intensity and R is a recombination (or decay) term 

inhibiting regeneration (or injection). The fit parameters are JMAX = 10.5 

mA/cm2, I0 = 294 and R = 30.7. Figure from Publication VII. 
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In the segmented cells with 4-tBP-LiI and NMBI-LiI electrolytes, the 

height of the SCN- peaks at 2106 cm-1 showed an increasing trend from 

segment 1 to 4 as shown in Figure 25a and b. Interestingly in these 

segmented cells, iSC showed a similar increasing trend as given in Table 8. 

This indicates that there may be a relation with the intensity of the SCN- in 

the Raman spectra and iSC. In the literature [79-81], it has been suggested 

that the differences in the electrolyte composition can cause SCN- ligand 

substitution processes and both 4-tBP and NMBI have been reported 

substituting the SCN- ligand. In the segments with low iSC and higher VOC, a 

higher concentration of 4-tBP and NMBI is expected as filtering of those 

additives in the TiO2 would have such effects on the photovoltaic 

performance. Hence, it seems highly probable the SCN- was exchanged with 

4-tBP and/or NMBI. Interestingly, Li+ has been reported to protect the 

SCN- ligand exchange with MBI by forming a complex between Li+ and MBI 

[79]. Therefore in the segments containing high concentration of NMBI or 

4-tBP with low concentration of Li+, there would have occurred more SCN- 

ligand exchange reactions. When bulky PMI+ was used instead of small Li+ 

in the case of NMBI-PMII electrolyte, there was no significant difference 

neither in the peak height of SCN- as shown in Figure 25b&c nor in the iSC 

values. This implies that the PMI+ ions protected the SCN- ligand from the 

exchange reactions. This result is in accordance with the literature that the 

bulky ion protects SCN- ligand better as compared to small Li+ [79]. The 

intensity of the SCN- peak increased significantly in the case of NMBI-

PMII-GuSCN (Figure 25d) as compared to the case of NMBI-PMII (Figure 

25c) suggesting that GuSCN may act as a source of SCN- ligand. Similarly in 

the case of HSE, the intensity of the SCN- peak was high (Figure 25e) and 

close to the case of NMBI-PMII-GuSCN (Figure 25d), suggesting that HSE 

may have contained GuSCN. Interestingly, the iSC values were higher for 

NMBI-PMII-GuSCN and HSE, and did not change much as compared to 

the cells without having GuSCN. Therefore, the variation in the intensities 

of the SCN- in the Raman spectra (Figure 25) is indeed related to the 

variations in iSC (Table 8).  

 

Figure 25f iSC of the segmented cells and corresponding reference cells 

was plotted as a function of Raman peak intensity of the SCN-. A simple 

phenomenological model (see Figure 25 caption) is used to fit the iSC data in 

Figure 25f. In the model the SCN- peak intensity is assumed to be 

proportional to the rate of charge separation in the dye molecules which 
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may be due to dye regeneration and/or electron injection into the TiO2 

conduction band. In addition, this process competes with an approximately 

constant rate of electron-dye recombination or excited state decay. Indeed, 

the IPCE data suggested that most likely regeneration and injection 

efficiency are influenced by the spatial variation of electrolyte components. 

Therefore, the mechanism affecting the photocurrent is more complex than 

the simple model presented in the Figure 25 caption. Hence, in order to 

build a quantitative understanding more detailed measurements of 

regeneration would be required [81]. Here the purpose of the model is 

mainly to illustrate trend that the loss of SCN- ligands would have on iSC 

and that the data agrees with it. Figure 25f shows clearly that below the 

intensity value of approximately 500 a.u., there is a relation between the iSC 

and peak height of the SCN-. It may be concluded that the low iSC in some of 

the cells may be limited by the low concentration of SCN- ligand. 

Furthermore, Figure 25f suggests that at intensities above 500 a.u. iSC is not 

limited by the concentration of SCN-. 

 

 

Figure 26. Comparison between the normalized (1-T) for segment 1 to 4 for 

segmented cell with electrolyte 4-tBP-LiI. The arrows show the blue shift from 

segment 4 to 1. Figure from Publication VII. 

 

In the transmission (T) measurements, it was found that the spatial 

distribution of electrolyte components also affects the absorption (1-T) by 

the cells. As an example absorption data (1-T) of segmented cell with 4-tBP-
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LiI electrolyte is presented in Figure 26. The trend in Figure 26 is that the 

spectra are shifted to the red side from segment 1 to 4. In literature, SCN- 

ligands are reported to tune the spectral response of a DSC towards red 

[62,82]. Therefore, any exchange of SCN- ligands with the electrolyte 

additives would cause a blue shift in the cell absorption spectrum. The 

Figure 26 shows a blue shift in the absorption spectra of the dye which 

corresponds well with the variation in the peak intensity of the SCN- shown 

in Figure 25a. The substitution of the one of the two SCN- in each N719 dye 

with 4-tBP would give approximately 30 nm IPCE shift towards blue side 

(Publication VII). When the transmission and IPCE spectra of all the 

segments in segmented cell having 4-tBP-LiI were compared, a 15 nm blue 

in the transmission and a 20 nm blue shift in the IPCE were obtained from 

segment 4 to segment 1 (Publication VII). Therefore, it can be estimated 

that approximately about 25% of the SCN- ligands attached to the Ru atoms 

in the dye, were substituted in the first segment. 
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5. Summary and Conclusions 

Performance, cost and stability are the fundamental factors affecting the 

commercialization of DSCs. In addition, the materials and manufacturing 

methods used for DSCs should be compatible for roll-to-roll production. 

Degradation of DSCs due to the instability of the materials or due to the 

manufacturing technique adversely effects their commercialization. 

Achieving long term stability with cheap materials and easy manufacturing 

methods using flexible substrates is the prerequisite for success of this 

technology. This research work investigated the degradation of DSCs, 

highlighting the key challenges the technology is facing today. The goal of 

the work was to find more stable materials, improve understanding of their 

effects on the DSC stability, and develop experimental methods that give 

improved resolution of the degradation mechanisms.   

There are several degradation issues originating from the usage of cheap 

and flexible materials. Some of the degradation is inherited from the 

manufacturing processes. New, inexpensive, easy to use and fast methods 

such as image processing method are useful to study the degradation 

processes causing a visual change on the appearance of DSC such as 

bleaching or leakage of the electrolyte. Although many degradation 

mechanism are occurring at the same time, with the help of the segmented 

cell method it is possible to separate several degradation mechanism. In 

addition, it also allows to study the performance degradation due to the 

spatial variation of the DSC electrolyte. Optical techniques such as Raman 

spectroscopy and IR spectroscopy were used to detect the chemical changes 

in the DSCs. 

 

As the purpose of the work was to systematically study the degradation in 

DSCs, the first step was to perform critical review of the state of the art of 

stability of DSCs. This resulted in publication I where among other things 

hypotheses for several degradation mechanisms were collected and 
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discussed. It was concluded in the review that techniques giving chemical 

information are very useful to understand the degradation mechanisms. 

However, mostly the chemical techniques are destructive in nature and 

cannot be used for in-situ measurements. Information about the chemical 

changes in the DSCs during the degradation is essential to understand the 

chemistry inside the DSCs.  

 

One way to detect the chemical changes in DSCs is to link the results 

obtained from chemical techniques with ones obtained through the 

standard PV measurements techniques such as I-V measurements under 1 

Sun, EIS, IPCE, optical reflectance and transmission measurements. This 

was the goal of the research reported in publication II. In this publication 

effects of SCN- ligand substitution reaction, which had been reported in the 

literature to cause of degradation of DSC at 80°C, was studied in a 

continued experiment. Using mass spectroscopy analysis it had been shown 

previously in the literature that SCN ligand of N719 dye can become 

substituted with tBP at elevated temperatures i.e. 80°C. Here, this 

substituted compound N719-tBP was synthesized in purpose and used as 

the sensitizer in DSC, and compared with the cells using pristine N719, to 

find out the maximum effect of this particular degradation mechanism. The 

comparative analysis revealed that DSCs based on substituted dye gave 50% 

less efficiency as compared to the pristine N719 dye based DSCs. IPCE and 

EIS measurements revealed that the substituted dyes were suffering from 

lower light harvesting efficiency (30nm blue shift in the absorption spectra 

as compared to pristine N719), 14% lower charge separation efficiency and 

50% shorter electron diffusion length due to lower electron recombination 

resistance. These results can be used as a finger print of the SCN- ligand 

substitution reaction occurring in DSCs. 

 

In publication III & IV, the motivation was to correlate the information of 

chemical changes in DSCs with the visual appearance i.e. color of the DSC 

which then can further be related to the standard PV measurements. A new 

in-situ method was introduced in publication III based on the already 

known image processing techniques. The method was demonstrated to 

study an important degradation reaction leading to the bleaching of the 

electrolyte.  The yellow color of the electrolyte was first correlated with the 

RGB values obtained through the image processing method which can be 

used to estimate the concentration of tri-iodide in the electrolyte. With the 
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help of this method, it was concluded that the TiO2 is involved in the 

electrolyte bleaching reaction under UV+visible illumination at 85°C.  It 

was further checked with standard I-V measurement and the results were in 

agreement with each other. Later, the image processing method was also 

demonstrated in publication IV to monitor the dye sensitization process. 

This method can also be applied to examine the dye degradation since this 

degradation type changes the color of the dye.  

 

In publication VII, the motivation was to investigate the effect of a 

manufacturing step used to fill the electrolyte in the DSCs and to find a 

relationship between the Raman spectroscopy and the other standard PV 

measurement methods. It was earlier reported that electrolyte filling step 

causes non-uniform spatial distribution of the electrolyte components 

leading to the spatial variation in the DSC performance. Recently 

introduced segmented cell method was used to factor out the electrolyte 

components vulnerable to spatial variation. Raman spectroscopy was 

applied together with standard PV techniques to observe the performance 

degradation in 4-segmented cell.  It was found that the nanoporous layer of 

TiO2 acts as filter for some additives in the electrolyte resulting in a 

performance variation. Further, the change in concentration of electrolyte 

additives 4-tBP, NMBI and LiI affected the substitution of SCN- ligand. 

When LiI was replaced with PMII, the SCN- ligand was found to be better 

protected against the substitution reactions. The Raman spectroscopy 

measurements showed a good relationship between the SCN- peak intensity 

and the iSC of the DSCs. In worst case, the performance variation was about 

35% with conventional electrolyte containing 4-tBp and LiI when the size of 

the cell was increased from 0.4 cm2 to 1.6 cm2.  On the other hand, in the 

best cases the performance variation was about 10% with the electrolyte 

containing NMBI-PMII-GuSCN when the cell size was increased from 0.4 

cm2 to 1.6cm2. These findings have important implications on the 

industrialization of DSCs as there the cell is mostly designed for larger areas 

where the spatial variation effect due to the molecular filter would be even 

larger.   

In publication V & VI, the motivation was to find a stable TCO free flexible 

substrate suitable for the roll-to-roll production. In earlier studies a series 

of cheap metals were tested as a DSC PE. Most of those metals degraded 
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due to some unknown reason except the Ti and Inconel 600 alloy. Here the 

same series of metals was tested as the DSC CE using two different methods 

for the catalyst deposition i.e. thermally platinized and sputter Pt. Most of 

the thermally platinized cells degraded overnight due to corrosion except Ti 

and StS 316L. However, all the metal based DSCs i.e. StS 304, StS 321, StS 

316, StS 316L and Ti using sputtered Pt remained stable except alloy 

Inconel 600 which contains 72% of the Ni content.  The main conclusion 

from this study is that there are stable metal alternatives available for both 

PE and CE applications. 

 

In conclusion, DSCs are facing a lot of challenges on their way for 

commercialization.  There is a need to find stable flexible plastic PE for the 

DSCs having stable flexible metal CE for achieving completely flexible DSC 

which is essential for large scale mass production of this technology. In this 

regard, preparation methods are very important for plastic PE. On the other 

hand there are also viable metals to be used at PE, however in this case the 

CE needs to be plastic based.  Conventional TCO should be avoided to 

reduce the costs, therefore alternative transparent conductive materials are 

needed for plastic substrates. Using plastic substrates brings new severe 

challenges with respect to sealing due to permeability of impurities like 

water and oxygen and porosity of substrate. In electrolytes, alternative 

redox couples should be tested in an effort to improve the stability of DSCs 

especially in relation to metal substrates. Understanding of degradation 

mechanisms is essential to improve the stability, hence intensive work is 

needed to link the chemical changes in the DSCs with the standard PV 

measurements. Raman spectroscopy, image processing method and 

segmented cell method can play a significant role in this regard. There is 

also need to find a viable solution to avoid the spatial distribution of 

electrolyte in large area DSCs in the future.  
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