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1. Introduction 

1.1 Background 

Traditionally, society has relied on fossil fuel-based energy sources to meet its energy needs. 

However, extensive fossil fuel use releases massive amounts of greenhouse gases into the at-

mosphere, contributing to climate change. The most widely known effect of increased green-

house gas concentration in the atmosphere is the global warming, i.e. increase of global average 

temperature [1]. Coupled with constantly increasing energy demand, notably by emerging 

economies, we will be faced with an environmental crisis unless the progress of climate change 

can be slowed and eventually halted [2]. Various measures have been taken to combat the cli-

mate change, including the Paris Climate Agreement of 2015, in which the signatory countries 

outline actions to limit global warming to under 2 degrees Celsius [3]. 

At the current rate, the actions that have been taken around the world are insufficient to 

reach the goals of the Paris agreement [3]. It is likely that new policies alone are inadequate, 

but that technological advancement and innovation will play a key role in reaching climate 

targets [4]. One of the most promising players to limit emissions are renewable energy tech-

nologies, which produce energy from naturally replenishing sources. Especially solar energy 

has huge potential to cover significant share of human energy needs: the solar irradiation hit-

ting Earth during just one hour is more than the yearly global energy consumption [5]. Light 

from the Sun can be used to produce usable energy with various photovoltaic (PV) technolo-

gies, which rely on converting the energy of solar photons into electrical current. However, 

solar energy production is still far from its potential: by 2018, roughly 590 GW of solar elec-

tricity production capacity had been installed [6], which corresponds to 2% of the total elec-

tricity demand [7]. Still, we are headed in the right direction: installed PV capacity was increas-

ing exponentially until 2017, and International Energy Agency (IEA) estimates that more than 

100 GW of new PV capacity will be installed yearly in the early 2020s [6]. 

Largest share (95 %) of produced PV panels use so-called first-generation cells [8], i.e. the 

panel operation is based on a p-n junction formed between differently doped silicon semicon-

ductors. Second-generation solar cells refer to thin film solar cells, which are commercially 

available and often used in special applications, such as small lightweight devices (calculators 

and watches) or curved surfaces (electric vehicles). Third generation of solar cells includes all 

emerging solar cell technologies: such as dye-sensitised-, perovskite-, organic-, and quantum 

dot solar cells. Third generation solar cells attempt to enter the solar energy market with new 

innovations that aim to decrease both economic and environmental production costs [9]. This 

thesis is focused on dye-sensitised solar cells (also called dye solar cells or Grätzel cells, abbre-

viated DSC). 

Dye solar cells were first demonstrated in 1991 by Michael Grätzel and Brian O’Regan [10]. 

DSCs differ from the more common pure semiconductor cells that are based on a p-n junction 
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by using a separate photosensitiser dye to absorb light and by using a wide bandgap semicon-

ductor only as a charge carrier. Adjusting properties of the dye allows one to change the range 

of absorbed wavelengths, therefore also changing the colour of the cells [11]. The operation of 

DSCs is described in more detail in the next chapter. The first publication reported a power 

conversion efficiency of 7.9 %, which has now increased to 12.3 % (confirmed in an external 

test centre) [12] and highest reported efficiencies reaching 14 % [13]. 

Dye solar cells differ from the established silicon solar cell technologies in multiple ways and 

thus should not compete with them in same applications: DSCs have lower power conversion 

efficiency than c-Si cells, making it unlikely that we will see large-scale DSC solar energy farms 

(unless there is significant technological advancement in the DSC field). DSCs, however, excel 

in low-light conditions, combined with their adjustable aesthetics with multiple dye colours 

[14] and even transparency [15], making them excellent choice for indoor or building-inte-

grated applications. Another benefit of DSCs is their low production costs and the abundancy 

of the materials required in their production. The low production costs are possible due to the 

low temperature requirements during the assembly process [16] and suitability for roll-to-roll 

manufacturing [17]. 

In addition to the established silicon solar cells, the advantages and disadvantages of DSC 

technology must be considered with respect to other emerging photovoltaic technologies. Like 

silicon solar cells, second generation thin-film solar cells are also commercially available and 

are generally cheaper but less efficient and stable. Projections suggest that third generation PV 

will be able to surpass efficiency of second generation cells without significant increase in costs 

[9]. Recent studies show that thin-film CIGS cells are capable of clearly higher efficiencies than 

other second generation cell types, they come with a drawback of increased costs [18]. 

Compared to the other third generation solar cells DSCs are not able to reach as high effi-

ciencies [18], but are able to compete with their low costs, stability and capability for adjusting 

dye colours. In terms of stability, DSCs are on par with quantum dot [19] and organic solar 

cells [20]. Perovskite solar cells, as the youngest third generation PV technology, are still less 

stable than the others solar cell types [21]. The third generation solar cells suffer from similar 

degradation mechanisms: all types are vulnerable to humidity and UV illumination. In terms 

of manufacturing, the third generation solar cells are once again similar to each other. All types 

are advertised to be suitable for roll-to-roll processing and flexible substrates, which has been 

already demonstrated for DSCs and organic solar cells [22]–[24]. 

DSC technology still has one clear obstacle to overcome before we can expect a large-scale 

commercial deployment: lifetime. While long stabilities of over 10,000 hours have been re-

ported [25]–[27], achieving high efficiency, low costs and stability simultaneously in DSCs 

seems to be challenging. Moreover, there appears to be discrepancies between DSC stability 

reported in different studies. Many studies suggest that water is harmful to DSC stability, but 

opposite results are also reported [28], [29]. Similarly, the acceleration of degradation caused 

by illumination seems to be inconsistent, possible due to lack of detail in reporting when it 

comes to UV light [30]. Currently DSC research focus seems to still be on improving efficiency, 

even though reaching reliably high stability might be more important in the current state of 

the DSC research field. 

The topics of this thesis focus on DSC stability. It discusses how different aging conditions 

impact the stability of DSCs by accelerating or slowing down degradation. Insight is also pro-

vided into the aging study methodology itself, by discussing how to perform reliable stability 

studies and suggests standardisation methods to improve comparability between studies from 
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different research groups. The thesis also includes two experimental case studies which 

demonstrate stability improvements using biomaterial cryogels and compare the stability of 

different counter electrode catalysts. 

 

1.2 Objectives and scope 

The overarching topic of this thesis is the stability and lifetime of DSCs. It strives to provide a 

varied overview of the topics related to stability by examining the subject from multiple angles. 

The research field of DSCs still lacks a comprehensive understanding of all the degradation 

mechanisms and pathways DSCs face during their operation, but this thesis presents and dis-

cusses what is known and how their impact can be mitigated. Understanding the underlaying 

causes for cell degradation is important for developing new ways to slow it down. Additionally, 

this thesis presents results from experimental studies that focus on the impacts of operation 

conditions and different materials on the stability of DSCs. Furthermore, a literature review is 

included into aging research methodology. The main topic is divided into three research ques-

tions to help with the clarity of the discussion. 

 

Research questions: 

1. How different materials and structures can be utilised to improve DSC stability? 

2. What kind of impacts and trends operating conditions have on DSC lifetime? 

3. What is the current methodology in DSC stability studies and how to improve it? 

 

The first research question is one that is commonly asked in publications related to experi-

mental research of DSCs. When changing the design of a DSC by introducing a new structure 

or material into the cell to improve its performance, ease of assembly, stability or any other 

aspect, the impact of the change on the lifetime of the DSC should be studied. This is also the 

case with the experimental studies presented in this thesis: the stability difference between two 

counter electrode catalysts is compared and the impact of a bio-based material electrolyte scaf-

fold is studied in detail. 

The second question is related to the conditions DSCs are aged in during stability studies. 

The properties of the cells themselves are not the only aspect that must be considered in solar 

cell stability, since DSC lifetime is significantly impacted by what kind of external conditions 

the cells are exposed to. Important external factors include cell temperature, humidity, and 

illumination intensity and spectrum. Therefore, the performance of DSCs is strongly depend-

ent on their application, which is something that should be kept on mind when aiming for 

commercialisation. This thesis focuses specifically on how different light spectra impact the 

rate of DSC degradation. Other topics include a first-of-a-kind outdoor stability test in harsh 

northern outdoor conditions and a study into the effects of circuit state to the stability of DSCs: 

normally DSCs are aged in an open circuit which is different from the real operation condition 

where they are attached to a load. 

The final research question concerns the methods used to study DSC stability in general. The 

discussion is started with a review of the status of DSC stability research. The findings of the 

review suggest a lack of standardised methodology, the harmful impacts of which are also dis-

cussed further. The discussion is continued with suggestions on how to improve the situation. 
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Corrective measures that are presented include proper planning of the aging study from ade-

quate sample sizes to well defined aging conditions, and improved use of statistical analysis in 

determining the results of a study. Table 1 illustrates which of the publications included in this 

thesis answers each of the research questions. 

Table 1. Relations between the research questions and the publications included in the thesis.  

Research 

question 

Publication 

I 

Publication 

II 

Publication 

III 

Publication 

IV 

Publication 

V 

Publication 

VI 

RQ1 X X     

RQ2   X X X  

RQ3   X  X X 

 

Both earlier studies [31] and the studies presented in this thesis suggest that the electrolyte 

of DSCs is the component that is most vulnerable to degrading effects. Therefore, the stability 

studies presented in this thesis place extra emphasis on the analysis of the electrolyte degra-

dation. It is well embodied by the use of unique in-situ image processing analysis that tracks 

changes in the DSC electrolyte to determine its degradation [32]. 

 

1.3 Thesis outline 

The six publications this thesis is based on can be found in the list of publications at the begin-

ning of the thesis. Chapter 2 will provide an introduction to the operation principles of DSCs, 

clarifying the physical and electrochemical phenomena occurring in an illuminated DSC de-

vice. The chapter continues with an overview into the known and suspected degradation mech-

anisms of DSCs, presenting both their causes and effects. Chapter 3 presents the methods used 

to conduct the studies in the publications of this thesis. It describes the structure and materials 

used in the assembly of DSC samples and lists any differences between the samples used in the 

studies. Additionally, the measurement techniques are introduced with short theoretical back-

ground. 

Chapter 4 focuses on the results of the publications. The chapter is divided into the three 

research questions described above. The first question is answered by Publications I and II, 

which are kept as their own distinct topic since they focus on changes to the materials used in 

a DSC and how it impacts their performance and stability. The rest of the publications answer 

the remaining two research questions: Publications III-V all deal in the impacts of aging con-

ditions on DSC stability from their own perspectives and are all given their own subchapters 

to answer the second research question. The answer to the third research question about DSC 

stability research is structured around the review in Publication VI, with support from the dis-

cussion in Publications III and V. 

Finally, the compiling part of the thesis ends with a summary and a discussion of the results 

in Chapter 5. Suggestions for further research is also presented. The publications included in 

this thesis are reprinted as appendices after the compiling part. 
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2. Principles of dye solar cells 

2.1 Operation and structure of dye solar cells 

Dye solar cells are a type of electrochemical cells that use the photovoltaic effect to generate 

electricity. The name derives from the use of sensitiser dyes that are responsible for light ab-

sorption in the device and are usually a ruthenium complex specifically designed to absorb 

light in the visible region. The dye is deposited as a monolayer on the surface of a mesoporous 

layer of titanium dioxide (TiO2) that acts as a charge transport medium for the excited electrons 

injected from the dye. Porosity of the TiO2 layer is roughly 50 % [33], and it is the key for 

reaching efficient light absorption since it substantially increases the active surface area that 

the dye molecules can attach to [34]. The dye is necessary since the TiO2 layer cannot serve as 

a light absorber on its own due to its large energy bandgap, which absorbs light only in the UV 

wavelengths. The excited and injected electrons are transported through the TiO2 layer to the 

substrate of the DSC, which has a conducting layer that collects the electrons and outputs them 

to an external circuit. This process of current generation has left the dye oxidised, which must 

be regenerated to enable continued operation. The dye is reduced by accepting electrons from 

a redox mediator in an electrolyte that fills the cell. The redox mediators themselves are regen-

erated at the counter electrode of the cell, which is connected to the external circuit. Overall 

redox reaction in the case of iodide/tri-iodide electrolyte is  𝐼3
− + 2𝑒− ↔ 3𝐼−. The counter elec-

trode is covered with a catalyst to improve the reduction reaction rate [35]. The operation of 

DSCs is illustrated in Figure 1. 

 

Figure 1.  Cross section of a DSC in operation. Also marked are common thicknesses of various layers and scales 
of dye and TiO2 particles. Reprinted from [33] with permission. 
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The operation of DSCs can be further clarified by examining an energy level diagram (Figure 

2) of the device. The difference between highest occupied molecular orbital (HOMO) and low-

est unoccupied molecular orbital (LUMO) of the dye determines the number of electrons ex-

cited by incident photons. Smaller difference between the levels increases the range of wave-

lengths available for electron excitations, essentially increasing current produced by the cell. 

In practice however, the conduction band of TiO2 layer and the redox potential of the electro-

lyte set limitations to the gap between dye HOMO and LUMO. The conduction band of the TiO2 

must be sufficiently below the dye LUMO to facilitate efficient injection of electrons. Similarly 

the dye HOMO must be sufficiently lower than the redox potential of the electrolyte to promote 

the rate of dye regeneration through oxidation of the redox mediators [35]. It is also desirable 

that TiO2 Fermi level (close to the conduction band) and electrolyte redox potential are as far 

from each other as possible, since the difference between them determines the maximum volt-

age of the DSC. The power output of a DSC is therefore a balancing act between these four 

energy levels, their relation to each other determining the voltage, current, injection and redox 

efficiency of the cell. 

 

 

Figure 2. Energy level diagram of a DSC. The arrows are used to mark the route that electrons take during ideal 
operation. 

So far, we have discussed only the ideal operation of a DSC. However, there are multiple 

processes that are unfavourable to the operation of a DSC. Even though electron injection from 

the dye to the TiO2 is remarkably fast, some of the excited electrons decay back to the ground 

state. The lifetime of the excited state is 20-60 ns [36]. Increasing energy difference between 

TiO2 conduction band and dye LUMO level will improve injection rate, mitigating the effects 

of excited state decay. Similarly, the electrons can recombine with the dye HOMO level or the 

electrolyte charge carriers from the TiO2 layer. The recombination with electrolyte in DSCs is 

called dark current, and it can be decreased with certain additive chemicals such as tert-bu-

tylpyridine in the electrolyte and by ensuring the TiO2 is covered well with adsorbed dye mol-

ecules, minimising direct contact with TiO2 and electrolyte [35], [37]. Further losses to the 

power generated by a DSC are caused by ohmic resistances in the conductive layers and elec-
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trical connections, by charge transfer resistance through the TiO2 layer and at the several dif-

ferent interfaces between cell components and by diffusion resistance of the redox mediators 

through the electrolyte layer. 

 

2.2 Degradation of dye solar cells 

Since the power conversion efficiencies of DSCs are good and their manufacturing costs are 

low [38], biggest remaining obstacle for large-scale commercial deployment of DSCs is the lim-

ited lifetime of DSC modules. The performance of DSCs decreases over time, the rate of which 

is determined by the materials and methods used in the assembly of the cells and the condi-

tions the cells are kept in. The degradation of DSCs is colloquially called aging. 

The dye in the photoelectrode of DSCs can degrade and limit current generation of the solar 

cell. It has been shown that at least high temperatures can cause dye desorption from the TiO2 

and dissolution into the electrolyte [39]. Other possible photoelectrode degradation pathways 

include reactions between dye and electrolyte decomposition products, or between oxidised 

dye and electrolyte charge carrier radicals [40]. The recombination resistance between the 

TiO2 layer and the electrolyte can also decrease by contaminants such as detached catalyst par-

ticles and small cations, which are released by degradation of the electrolyte, adsorbing on the 

surface of the photoelectrode [25]. 

The catalytic layer on the counter electrode of a DSC is generally very stable, but particles 

have been shown to detach from the layer if the deposition method does not reach robust at-

tachment [41]. As mentioned earlier, the detached particles may degrade the photoelectrode 

performance. Unsuitable catalyst/electrolyte combinations may also cause corrosion [27], 

[42]. 

One of the most volatile components in a DSC is the electrolyte. The degradation of the elec-

trolyte is usually caused by loss of redox mediators, which limits the charge transfer capacity 

of the electrolyte [27]. It can be detected as increased diffusion resistance, leading to lower 

current generation. Here we will focus specifically on the loss of tri-iodide (𝐼3
−), since it is the 

charge carrier used in most of the studies in this thesis due to its good efficiency and high 

stability. There are several hypotheses for the reasons behind loss of charge carriers: it has 

been suggested that iodine sublimates as the cell ages [43]. Another hypothesis suggests that 

tri-iodide reacts irreversibly with impurities in the electrolyte, such as water, forming iodate 

[44]. Another possibility is that tri-iodide concentration is reduced through a ligand exchange 

reaction with the dye molecules [45]. A useful aspect of tri-iodide as a redox mediator is its 

colour. Loss of tri-iodide concentration can be detected visually as the dark yellow colour of 

the electrolyte fades (Figure 3). The process is called electrolyte bleaching and is used as an in-

situ measurement of DSC degradation [32]. 

Often DSC degradation is gradual, with the performance of a cell degrading slowly over a long 

period of time. However, a sudden loss of performance is possible and is often related to leak-

ing of the liquid electrolyte from the cell. This occurs when the sealing of the cell fails. The 

sealing can be damaged by mechanical stress, chemical incompatibility with the electrolyte, 

high temperature or humidity. For example, all of the DSCs studied in this thesis use glass 

substrates, which are chemically inert and unaffected by temperature and humidity. The sub-

strates are attached with a thermoplastic seal, which are reinforced with epoxy glue, since it 

has been shown that plastic substrates can permeate water into the cell over a long period of 
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time [43]. Similarly, the electrical contacts of the DSCs will have to be robust enough to tolerate 

stress and humidity. It is therefore important to keep in mind the expected conditions the cell 

must endure when selecting its materials and sealing method. 

 

 

Figure 3. An example of electrolyte bleaching in a DSC. The tri-iodide charge carriers give the electrolyte its colour, 
which fades as the concentration of the charge carriers in the electrolyte is decreased. The coloured bar below 
the images illustrates the colour extracted from the images and used in the analysis. Adapted from Publication 
V Supporting Information under CC-BY licence. 

External factors may also have a strong impact on the lifetime of DSCs by accelerating or 

enabling the degradation mechanisms mentioned above. One of the most widely recognised 

degrading factors for DSCs are high temperatures. Long term exposure to elevated tempera-

tures have been shown to link to multitude of degradation effects: instability of organic elec-

trolyte solvents, desorption of dye from the TiO2, rapid bleaching of the electrolyte and failure 

of sealing [25], [27], [46]. Some accelerated degradation effects are detected at cell tempera-

tures of 60 °C, but 80 °C is the limit when DSCs tend to become notably unstable and unable 

to pass 1000 hours of light soaking [27]. Another common cause for DSC degradation is expo-

sure to UV light. There are two hypothesised effects that UV exposure has on DSCs, the first 

one suggesting that UV causes direct excitations of electrons in the TiO2 layer. The excited 

electrons leave behind holes on the valence band of the TiO2 which then react with oxygen 

radicals on the TiO2. This creates trap states that react with the redox mediators of the electro-

lyte, causing electrolyte bleaching [32], [47], [48]. The other hypothesis is a joint reaction be-

tween UV light and water that has entered the cell either during assembly or permeated into a 

complete cell through the sealant material. It is suggested that UV causes water splitting in the 

cell and the reaction products react further with the redox mediators [49], [50]. Water is also 

linked to other degradation reactions in DSCs. Water within DSCs is suggested to change the 

TiO2 conduction band position, increasing voltage of the cell but also oxidising iodine in the 

electrolyte [49]. Measurements have shown that water is capable of detaching or rearranging 

dye molecules on the TiO2 surface through reactions with thiocyanate ligands [51]. Simulations 

also show that water contamination of the TiO2 layer may also result in desorption of dye [52]. 

Curiously, some studies report increased performance and stability as a result for water intru-

sion into DSCs [29], [53]. This is possibly caused by lack of standardised aging procedures for 

DSCs and will be discussed in chapter 4.3 of this thesis. 
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3. Methods 

3.1 Dye solar cell structure 

All DSC samples used in this thesis were assembled using so-called sandwich structure (Figure 

4). This chapter describes the standard structure of the DSCs used in this study, with deviations 

to it listed in Table 2. 

The assembly of DSCs began with cutting and cleaning the fluorine-doped tin oxide (FTO) 

glass substrates (TEC-15, Pilkington). The glass pieces were cleaned with a mild detergent, with 

ethanol and finally with acetone. The substrates were dried with pressurised air between each 

step. Finally, the substrates were treated with UV/Ozone ProCleaner™ (Bioforce Nanosci-

ences) for 20 minutes before next steps. 

To improve the performance of the completed cell by decreasing edge potential of the photo-

electrode conduction band and reducing recombination between the conductive layer and the 

electrolyte [54], a compact TiO2 layer is deposited on the photoelectrode substrate. This is done 

by soaking the cleaned glass substrates in 1 w-% solution of titanium (IV) chloride tetrahydro-

furan complex in de-ionised water at 70 °C for 30 minutes. The nanoporous TiO2 layer was 

deposited by printing with an AT-60PD, ATMA screen printer. Three layers of TiO2 paste were 

printed on top of each other to reach the desired thickness of 12 µm. The first two layers were 

made with smaller TiO2 particles (DSL 18NR-T, Dyesol), designed to absorb incident light. The 

third layer had larger, light scattering particles (DSL WER2-0, Dyesol) which are designed to 

reflect light back into the absorbing layer, improving light harvesting efficiency. The TiO2 lay-

ers were sintered at 450 °C and another compact TiO2 layer was added to the photoelectrode 

as described before. Finally, the photoelectrodes were sensitised by immersing them overnight 

in a dye solution of 0.3 mM z907 (Dyesol) in 1:1 tert-butyl alcohol and acetonitrile. 

The catalyst layer for DSC counter electrode was prepared by drop-casting 4 µl of 5 mM 

H2PtCl6 in 2-propanol on cleaned counter electrode substrates. After the solvent had evapo-

rated, the counter electrodes were heated in 390 °C for 20 minutes. 

The electrodes of the DSCs were attached to each other by melting a 20 µm thick frame of 

Surlyn™ 1702 ionomer resin film between the edges of the substrates. After the cell was as-

sembled, the liquid electrolyte (0.1 M I2, 0.5 M 1-propyl-3-methylimidazolium, 0.5 M 1-

methylbenzimidazole and 0.1 M guanidium thiocyanate in 3-methoxypropionitrile) was in-

jected into the cell through holes in the counter electrode. The holes were sealed by attaching 

a piece of microscope glass with melted sheet of Surlyn™. Copper tapes were attached to ex-

posed parts of the conducting layers of the glass substrates. The electrical contact was im-

proved by coating the copper tape-substrate interface with silver paint (SCP, Electrolube). Fi-

nally, the contacts were secured, and the sealing of the DSC was improved by coating the con-

tacts and the edge between the electrodes with epoxy glue. 
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Figure 4. An assembled DSC sample. The active components of the cells are sealed between two glass plates with 
a thermoplastic frame (sandwich structure). In this image the photoelectrode is above the counter electrode, 
i.e. closer to the camera. 

Publication I used nanocellulose and nanochitin cryogel films to absorb the electrolyte of the 

DSCs. The assembly of these cells differed from the procedure described above: the films were 

soaked in the electrolyte and then placed between the electrode before the cell was sealed. This 

also removed the need for electrolyte filling holes in the counter electrode. The bio-based aer-

ogels were prepared by D.Sc. Maryam Borghei and M.Sc. Janika Lehtonen from Aalto Univer-

sity Department of Bioproducts and Biosystems following methods described elsewhere [55], 

[56]. 

Table 2. Deviations from the standard DSC structure or assembly procedure. 

Publication DSC type Deviation 

I All Stack of two Surlyn™ frame foils was used to increase 

the space between electrodes to accommodate the 

electrolyte membranes. Used also for the liquid refer-

ence group. 

I Nanocellulose and nanochitin 

membranes as electrolyte sponges 

The electrolyte-soaked membranes were placed in-

side the cells before sealing, no filling holes in the 

counter electrode. 

II All Dye was Y123. Electrolyte used cobalt complexes as 

charge carriers: 0.22 M ([Co2+(bpy)3](PF6)2), 

0.05/0.1 M ([Co3+(bpy)3](PF6)3), 0.2 M TBP and 0.1 

M LiClO4 in acetonitrile. 

II Cells with PEDOT catalyst A PEDOT layer was formed on the counter electrode 

through electropolymerisation. 

V All Amount of I2 in the electrolyte was reduced to 0.05 

M. This allowed earlier onset of limiting current ef-

fects. 
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3.2 Standard dye solar cell characterisation methods 

3.2.1 Current-voltage curve 

The most fundamental method for characterising a solar cell is to measure its current-voltage 

(IV) curve. IV curve is measured by setting the solar cell into standard test conditions (STC): 

25 °C, 1000 W/m2 light intensity (1Sun) and AM1.5G spectrum. AM1.5G is solar spectrum that 

has passed through 1.5 times the thickness of the atmosphere of the Earth to reach the surface. 

Once the cell is in STC, a voltage sweep is applied to the cell and the produced current is meas-

ured. Usually, a two-way voltage sweep is used to detect any hysteresis in the IV response. IV 

hysteresis may be caused for example by too fast sweep rate or capacitive defects in the solar 

cell. 

 

 

Figure 5. IV curve of a solar cell. Many important parameters can be read directly from the curve: open circuit 
voltage VOC, short circuit current ISC and maximum power point Pmax. Fill factor FF is the ratio between surface 
areas of the two squares shown in the image. Reprinted from [57]. 

IV curve (Figure 5) can be used to determine the most basic parameters describing solar cell 

performance. Short circuit current ISC is the current generated by the cell when voltage over 

the cell is at zero voltage. Open circuit voltage VOC corresponds to the voltage of the cell when 

no current is produced. Fill factor FF is a measure of ideality of a solar cell and can be used to 

estimate how significant losses a solar cell suffers from at a glance. 

𝐹𝐹 =
𝑃𝑚𝑎𝑥

𝑉𝑂𝐶𝐼𝑆𝐶
. (1) 

Finally, the power conversion efficiency η describes the efficiency at which a solar cell trans-

forms solar energy to electrical energy. 

𝜂 =
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛
. (2) 

The IV curves of the DSCs used in the studies in this thesis were measured with Peccell PEC-

01 solar simulator and a Keithley 2420 3A Sourcemeter. The calibration to AM1.5G conditions 

was done with the help of a PV measurements Inc Si KG5 reference solar cell. IV curve presents 
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a clear picture how a solar cell is performing overall, but more detailed measurements are re-

quired to determine the properties of individual components within the cells. 

3.2.2 Limiting current 

Charge is transferred through the electrolyte of a DSC by diffusing redox mediators. These 

charge carriers have a limited diffusion rate, which means that there is a limit to how large 

current can be transported through an electrolyte. An expression for the limiting current Ilim 

can be derived from Fick’s law [33]: 

𝐼𝑙𝑖𝑚 =
4𝐹𝐷𝑖𝑐𝑖
𝑑

, (3) 

where 𝑑 is the diffusion distance i.e. distance between the electrodes, 𝐹 is the Faraday’s con-

stant, 𝐷𝑖 and 𝑐𝑖 are the diffusion coefficient and concentration of the limiting redox mediator. 

If the limiting mediator is not known, it can be determined by solving the equation for both 

mediators and seeing which has lower Ilim. 

Equation (3) shows that an increase in the concentration of the charge carriers linearly in-

creases the limiting current. Unfortunately limiting current cannot be increased arbitrarily, 

since an excess of charge carriers in the electrolyte will increase recombination losses, resulting 

in an overall loss of performance. 

Measuring limiting current is useful for tracking the degradation of DSCs. Since the loss of 

charge carriers is a typical degradation mechanism for DSCs, it can be quantified through de-

crease of Ilim (caused by decrease of 𝑐𝑖). In the studies in this thesis the limiting current was 

measured by illuminating the DSC samples with an LED lamp with adjustable light intensity 

and measuring the ISC of the cells in several light intensities between 0.3Sun and 9Sun. Before 

reaching the limiting current, ISC increases linearly with respect to the light intensity, but once 

the limiting current is reached, the increase of ISC slows or stops. The point where the linear 

dependency ends can be estimated to be the limiting current. By performing this measurement 

several times during the aging test, the loss of charge carriers can be tracked. The system used 

for producing up to 9Sun illumination used four LXML-PWC2 Cool White LUXEON Rebel ES 

LEDs with a focusing cone. The IV curves in respect to varying light intensity were measured 

with an Autolab PGSTAT T302 potentiostat. 

3.2.3 Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is a measurement used to study internal re-

sistances and capacitances in a DSC [33], [58]. Internal resistances are increased by effects 

that impede charge transfer through a DSC and capacitances describe accumulation of charge 

at interfaces or defects. In this work, EIS is mostly used to track degradation of separate DSC 

components as the cells are aged. 

EIS is measured by setting a DSC into a steady state operation condition (constant illumina-

tion, voltage, and temperature) and a small amplitude harmonic voltage modulation VAC(ω,t) 

is applied to the cell. The amplitude of the modulation is small to keep the DSCs from deviating 

from the steady state condition. The frequency ω is swept over a large range and the resulting 

current response iAC(ω,t) is measured. The impedance is calculated as [33]: 

𝑍(𝜔) =
𝑉𝐴𝐶(𝜔, 𝑡)

𝑖𝐴𝐶(𝜔, 𝑡)
. (4) 
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It should be noted that not all of the EIS resistance and capacitance parameters can be meas-

ured at a single steady state due to the nonlinear nature of DSC operation. In this thesis the 

EIS measurements are done in AM1.5G conditions with the cells at VOC (I=0 A), which is useful 

in determining the resistances and capacitances related to the electrolyte and counter electrode 

of DSCs since both are affected by any current flowing through the cell. In contrast, the photo-

electrode can be reliably measured only when current through the photoelectrode is small. The 

photoelectrode impedance changes as a function of the voltage over the photoelectrode. When 

the photoelectrode is generating current, cell the exact value of the voltage over the photoelec-

trode is not known due to voltage losses. Therefore, accurate EIS measurements of DSC pho-

toelectrode should be done in the dark [33], at voltages where current flowing through the cell 

is small. Illuminated measurements can be used to detect changes in photoelectrode operation 

(RPE) by comparing different measurements but should not be reported as the absolute re-

sistance over the photoelectrode. 

 

 

Figure 6. EIS measurement result for a DSC. a) and b) are Bode plots of real and imaginary parts of the cell im-
pedance, respectively. The location of peaks in b) can be used to identify which resistive elements are present 
in the DSC, since their response frequencies are known. c) is a Nyquist plot of the same measurement. Each 
of the resistances that can be read from the figure are displayed: Ohmic series resistance (RS = 14.4Ω), counter 
electrode charge transfer resistance (RCE = 6.9Ω), photoelectrode charge transfer resistance (RPE = 7.7Ω) and 
electrolyte diffusion resistance (RS = 2.2Ω). 

EIS results are usually presented with three graphs: Nyquist and two Bode plots (Figure 6). 

The Bode plots show the real and imaginary parts of the DSC impedance as a function of the 

voltage modulation. Different components generally correspond to resistance/capacitance 

couples which have distinct dielectric constants. These result in responses at different frequen-

cies, enabling differentiating between the components of a DSC. The components can generally 

be seen in the Bode plot as peaks at different frequencies (Figure 6b). Once the different die-

lectric responses have been identified, the magnitude can be solved by fitting an equivalent 

circuit model to the Nyquist plot (Figure 6c). Nyquist plot illustrates the imaginary component 

of the measured impedance as a function of the real component. This forms several semicircles, 

width of which corresponds to its resistance. A standard DSC has three semicircles: first one 
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from the left comes from the charge transfer resistance at electrolyte-counter electrode inter-

face (RCE, f = ~1 kHz), second from the combined resistances through the photoelectrode (RPE, 

f = 1…10 Hz) and the third from diffusion resistance through the electrolyte. The starting point 

of the semicircles is the ohmic series resistance (RS, f = 0.01…1 Hz) of the DSC, a combination 

of sheet resistance of the substrates, electrical contacts, and wiring of the cell. 

The equivalent circuit model used in the studies in this thesis is presented in Figure 7. This 

is a simplified version of a more extensive model presented in [33]. The simplification is justi-

fied by combining TiO2 transport resistance, recombination resistance and photoelectrode re-

sistance into single combined constant phase element (CPE) RPE. It is also assumed that the 

quality of substrates and contacts is good, so that they do not transfer charge for example with 

the electrolyte and their only effect is resisting charge transport as ohmic series resistance RS 

[33]. In fact, the extensive model needs to be simplified so that the number of features in the 

model match the number of features visible in the data. Matching the number of features is a 

requirement for a good model fit to the data. 

All the EIS measurements presented in this thesis were performed with a Zahner Zennium 

potentiostat. The cells were under 1Sun illumination in open circuit conditions and the ampli-

tude of the voltage modulation was 10 mV. The equivalent circuit function was fitted to the 

measurement data using Zview2 (Scribner Associates, Inc.) 

 

 

Figure 7. Equivalent circuit of a DSC. RPE is a combination of all the resistances of the photoelectrode. RD is rep-
resented by a Warburg element, which is a special type of constant phase element used in dielectric spectros-
copy to represent diffusion. The effect of substrate and contact quality is included in RS. 

3.2.4 Incident photon-to-electron conversion efficiency 

Capacity of a DSC to convert light into electrons can be studied with incident photon-to-elec-

tron conversion efficiency (IPCE, or quantum efficiency QE). It mostly describes the perfor-

mance of the photoelectrode, since it is the probability an incident photon is converted into a 

collected electron as a function of the wavelength. IPCE can be used to calculate the current 

produced by a solar cell: 

𝑖𝑆𝐶 = ∫ Φ(𝜆)𝜂𝐼𝑃𝐶𝐸(𝜆)𝑑𝜆
𝜆𝑚𝑎𝑥

𝜆𝑚𝑖𝑛

, (5) 

where Φ(𝜆) is incident photon flux and 𝜂
𝐼𝑃𝐶𝐸

(𝜆) is the IPCE [33]. The IPCE itself is a product 

of three different efficiencies: 

𝜂
𝐼𝑃𝐶𝐸

(𝜆) = 𝜂
𝐿𝐻
(𝜆)𝜂

𝐼𝑁𝐽
𝜂
𝐶𝑂𝐿

(𝜆). (6) 

Light harvesting efficiency 𝜂
𝐿𝐻

 describes how large share of incident light is absorbed by the 

dye on DSC photoelectrode. Light harvesting efficiency depends significantly on the wave-

length of the light and can be adjusted by using different dyes. The dyes also have a minimum 
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absorption wavelength, above which no light is absorbed. Electron injection efficiency 𝜂𝐼𝑁𝐽 de-

scribes the likelihood that an electron excited in the dye is successfully injected into the TiO2 

in the photoelectrode. Charge collection efficiency 𝜂𝐶𝑂𝐿  gives the probability that an electron 

diffuses successfully through the TiO2 to the external electrical contact. Shorter wavelengths 

are commonly absorbed closer to the surface and thus have a shorter distance to diffuse to the 

electrical contact. Therefore also charge collection efficiency is wavelength dependent [33]. 

IPCE is measured by exposing the photoelectrode of a DSC sample to low intensity mono-

chromatic light. The monochromator is swept over range of wavelengths to measure the IPCE 

at all wavelengths of interest. Using low light intensity prevents other mechanisms such as 

electron trapping or limiting current from affecting the measurement. IPCE measurements 

presented in this thesis were done with a QE/IPCE Measurement system QEX7 from PV meas-

urements Inc. 

3.2.5 Colour tracking by image processing 

The iodine charge carriers in DSC electrolyte give it a distinct dark yellow colour. The satura-

tion of the yellow colour has been found to correspond well to the concentration of iodine, 

specifically tri-iodide, within the electrolyte [32]. This allows us in-situ tracking of the loss of 

charge carriers in aging DSCs. This way cell degradation is detectable already before the loss 

of charge carriers start decrease DSC performance through lower limiting current. 

 

 

Figure 8. a) Picture of a DSC used in the electrolyte colour analysis during an aging study. Similar photos were 
taken of every DSC in the study, usually once a week. Blue rectangle designates the area used for the analysis. 
b) Map of blue RGB values from the chosen area. Average of these values is calculated and used in the 
analysis. This figure is used to check that there are no irregularities in the area chosen for analysis, i.e. acci-
dental overlap with photoelectrode or outer edges of the electrolyte. 

Colour changes are tracked during an aging test by photographing the DSC on a regular basis 

(usually once a week). The lighting conditions in the photographs needs to be accurately con-

trolled to ensure that the data remains comparable between measurement sessions. This was 

achieved by using a separate chamber that was protected from ambient illumination and fea-

tures a movable tray which allowed focusing the camera and lights on each of the samples sep-

arately. Comparability of the photographs was further improved by setting the white balance 
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of the camera before each measurement. A colour profile was generated for each of the meas-

urement sessions by photographing a calibration colour palette. The photographs of the palette 

were used to generate a colour profile which was then applied to each of the images to further 

minimise any differences between measurement sessions. The colour of the electrolyte is quan-

tified from the photographs by selecting an area where the electrolyte is visible without ob-

structions or discolouration (Figure 8a). It is important to choose roughly the same area for 

each measurement of an individual cell to minimise error between measurements. The average 

RGB values of the selected area is computed after visually confirming that there are no signif-

icant discolouration or irregularities (Figure 8b). RGB is an 8-bit format used to represent col-

ours by assigning a saturation value between 0 and 255 to red, green, and blue components. 

Of the three RGB values, blue value is most relevant for studies with iodine electrolyte DSCs, 

since increase in blue means a decrease in its complementary colour yellow. Therefore, bleach-

ing through loss of charge carriers can be tracked with increase of blue in RGB colour model. 

It has been shown that when the concentration of iodine in the electrolyte is between 0.025 

and 0.1 mol/l, the rate of iodine loss is linearly 7.35×10-4 mol/l for a change of 1 unit in blue 

value [32]. 

Photographs of the DSC samples were taken weekly with an Olympus E-620 digital camera. 

The photographing stand was covered from all sides with a black canvas and illuminated with 

four LED lamps. A colour checker passport by X-Rite was used to set the white balance of the 

camera and to photograph the colour palette for profile generation. The profiles were gener-

ated and applied to the photographs of the cells and the image format was converted from RAW 

to JPEG with Adobe Lightroom3. The colour analysis itself was done with a MatLab® script. 

 

3.3 Dye solar cell degradation measurements 

The aging of solar cells can be simulated experimentally with various methods. Most of them 

are accelerated tests, where the cells are subjected to harsher conditions than in real use to 

speed up the degradation process to finish the test in a reasonable timeframe. For example, the 

standard test used in this thesis is a 1000-hour (6 weeks) 1Sun continuous light soaking, which 

corresponds to the irradiation of one year in real outdoor conditions. 

When performing aging tests on DSCs it is important to consider what kind of samples and 

aging conditions are suitable. Majority of studies include two or more groups of DSC samples, 

with one of the groups, assembled with known and tested materials and methods, serving as a 

reference and other groups having been assembled using new materials or methods that are 

the object of the study. When studying new methods and materials it is important that all the 

samples are aged in similar conditions, often by mixing the samples among each other in the 

aging setup to minimise any effects of spatial variations in the light spectrum. Some studies in 

this thesis are focused on the effects of aging conditions on degradation rate. In those cases, it 

is made sure that the samples in different groups are initially as similar as possible with each 

other. 

It is common that some of the DSC samples in an aging study degrade at a faster rate because 

of an effect that is not actually of interest for the overall study. For example, the sealing of a 

DSC with a liquid electrolyte may fail and the electrolyte leaks out. This sample must now be 

excluded from the analysis to avoid systematic error. Furthermore, samples tend to degrade at 
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slightly different rates, making it necessary to have a large number of samples to average out 

the difference. The minimum number of samples in each group studied in this thesis is five. 

Tracking the performance and properties of DSCs during the aging is crucial to detect specific 

events or changes that take place. Our in-house assembled system is used to constantly meas-

ure the IV curves and EIS of the samples one sample at a time, while other cells are held at 

open circuit. The devices used for these automated measurements are BioLogic SP-150 poten-

tiostat and an Agilent 34980A Multifunction Switch/Measure Unit controlled with a LabVIEW 

(National Instruments corp.) script. More detailed measurements were generally carried on 

weekly, including all the methods described earlier in this chapter. 

 

 

Figure 9. Spectra of the lamps used in different aging studies. Halogen and xenon arc lamps include light both in 
UV and infrared regions of the spectrum. High energy photons of the UV and rise in temperature through 
infrared absorption both accelerate DSC degradation, making them more challenging conditions for DSCs. The 
black line is the AM1.5G reference spectrum. The reference spectrum uses the intensity y-axis on the right 
side of the graph. 

Aging studies in this thesis include several aging conditions. Most studies used either halogen 

lamps (Philips 13117) or xenon arc lamps (NXE 1700, Atlas). The xenon arc lamps were a part 

of SUNTEST-XLS+ aging chamber (Atlas) which also has adjustable temperature. Both aging 

systems represent real solar spectrum well since halogen and xenon arc lamp spectra include 

UV light (in addition to visible light), which is known to be extremely harmful to DSC stability. 

Xenon arc lamps are a more accurate representation of full solar spectrum (Figure 9), but space 

limitations in the aging chamber prevents using it for all studies. The incoming UV light can 

be mitigated to a fraction of the original intensity by adding a UV cutoff filter (Asmetronic SFC-

10 UV filter). The aging of DSCs was also studied completely without UV light under an aging 

setup with white LEDs (CREE Edge HO240). Since LEDs do not emit infrared radiation either, 

the LED system allows for lower temperatures during the aging. All of these aging setups were 

in ambient humidity (approx. 45%) and halogen and LED systems were in ambient tempera-

ture. LED lights increased the temperature of the samples to 40 °C and the xenon arc lamps 

with cooling to 55 °C. 

In Publication IV of this thesis the degradation of DSCs was researched in realistic outdoor 

conditions with an outdoor testing station. In outdoor tests the cells will receive much smaller 

dose of solar radiation compared to accelerated indoor light soaking testing, but they will be 
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exposed to different weather phenomena and seasons. Like the indoor aging systems, the out-

door station has the possibility for continuous measurements of the attached cells. For com-

prehensive results both indoor accelerated testing and outdoor testing is needed and they are 

complementary: the indoor tests yield accurate, repeatable and comparable results, but the 

outdoor tests correspond better to the actual operation of the cells, which may reveal some 

effect or phenomenon overlooked in indoor testing. The IV curves of the cells were measured 

with a source measure unit (Keysight U2722A) utilising a switch unit (Agilent 34980A). The 

outdoor testing station did not measure EIS due to the lack of standardised illumination con-

ditions. The weather conditions were tracked with a pyranometer (SP Lite2, Kipp & Zonen), a 

humidity sensor (HM1500LF, TE Connectivity) and T-type thermocouples. Weather measure-

ments were recorded every 15 minutes. 
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4. Results and Discussion 

4.1 Impact of different cell components on dye solar cell stability (Publica-
tions I and II) 

DSCs have been assembled with various components and structures, in attempts to increase 

their performance, stability, ease of manufacture, or change their visual appearance. This the-

sis includes two distinct studies where alterations to DSC structure or materials were studied. 

The first involves adding a cryogel membrane to the electrolyte layer of the cell with the goal 

of improving mechanical stability of the DSC and simplifying the assembly procedure. The sec-

ond studies the differences in stability and performance between using a platinum nanoparti-

cle and a PEDOT polymer catalyst layer. 

4.1.1 Nanocellulose and nanochitin cryogels as electrolyte holders 

Usually, liquid electrolyte is injected into a DSC through holes in a substrate. This not only 

introduces a new pathway for leaks in the case the sealing fails, but also causes electrolyte fil-

tering. Electrolyte filtering is the name for a phenomenon when the components of an electro-

lyte solution are filtered by the nanoporous TiO2 photoelectrode as the electrolyte spreads 

through the DSC. It results in an uneven distribution of the electrolyte additives as they accu-

mulate near the electrolyte injection hole, which can be detected as lowered solar cell perfor-

mance. The effect becomes more apparent as the cell size is increased [59], [60]. To avoid this, 

it has been suggested [61] that a membrane is first soaked in the liquid electrolyte and then 

placed inside the cell before sealing the DSC. This allows the electrolyte to spread evenly and 

removes the need for electrolyte filling holes. This process is illustrated in Figure 10. 

Our approach used four different biobased cryogel membranes: bacterial cellulose (BC), cel-

lulose nanofibers (CNF), TEMPO-oxidised CNF (TOCNF) and chitin nanofibers (ChNF). All 

these materials are membranes comprised of networks of nanofibrils. The DSCs assembled 

with a cryogel membranes were compared with reference cells that had a purely liquid electro-

lyte, injected into the cell through a filling hole. 

Initial photovoltaic performance of the DSCs was clearly affected by the membranes (Figure 

11). BC, ChNF and CNF all improved the initial performance by increasing the generated cur-

rent when compared to the reference case. BC cells had an ISC of 11.6 mA/cm2, ChNF 12.0 

mA/cm2 and CNF 10.5 mA/cm2 compared to the reference cells with 9.2 mA/cm2. It is unlikely 

that this increase in current is some property of the inert cryogel membranes, instead it is likely 

caused by the lack of electrolyte filtering in the cells that had been assembled with the mem-

brane method. Further support for this hypothesis is that the reference cells had initially higher 
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VOC, which could be a symptom of voltage increasing NMBI accumulation [59]. TOCNF per-

formed much worse than the other membranes which was visible already during the cell as-

sembly: when the TOCNF film came into contact with the electrolyte, small black spots imme-

diately appeared on its surface. This could be explained by reactions with the electrolyte and 

residual aldehydes in the cryogel from the TEMPO oxidation. 

As the DSCs were aged, the ISC of ChNF and CNF cell began to decrease immediately. It in-

creased in both BC and reference cells so that it reached similar levels in both cell types. As the 

aging progressed, the degradation of current in BC and reference cells followed each other 

closely together while ChNF and CNF cells had notably lower ISC. The VOC of all the cells de-

graded very similarly to each other after the initial stabilisation. Development of the IV param-

eters is displayed in Figure 12. 

 

 

 

Figure 10. Schematic of two liquid electrolyte filling methods. On the left the electrolyte is injected through holes in 
the counter electrode substrate, thus forcing the electrolyte to travel a long distance through the photoelectrode 
to fill the whole cell. On the right the electrolyte is simultaneously applied to the whole cell with the help of a 
soaked membrane. Reprinted from Publication I under CC-BY license. 

 

 

Figure 11. Initial average IV curves of the DSCs assembled with cryogel membranes. The bands surrounding the 
averages represents the standard deviation over all the samples. Reprinted from Publication I under CC-BY 
licence. 
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Figure 12. Progress of IV parameters during the aging for cryogel membrane and reference cells. The DSCs were 
aged under UV lamps, with measurements three times a week. Reprinted from Publication I under CC-BY 
licence. 

The initial increase in reference DSC performance may be caused by the originally unevenly 

accumulated electrolyte components slowly diffusing through the cell during the first days of 

aging. It has been shown that this process is too slow to stabilise the performance of large DSCs 

[60]. 

Overall, ChNF and CNF cells showed initial promise, but degraded faster than the reference 

cells. BC cells were initially more efficient than the reference cells, but the reference cells even-

tually caught up to their performance. After that, the degradation of BC and reference cells 

followed each other very closely. This is very encouraging for BC viability as a component of a 

DSC. Since BC outperformed ChNF and CNF both in terms of initial performance and stability, 

it was hypothesised that the presence of residual lignin in ChNF and CNF is behind the differ-

ence. The hypothesis was tested by adding lignin nanoparticles into an electrolyte solution and 

using it in DSCs. The cells with lignin reached lower efficiencies and had worse stability than 

reference cells without the added lignin. This result supports the use of lignin-free BC as a 

cryogel membrane for DSCs. 

Measurements of the internal resistances using EIS gave expected results: All the resistive 

components RS, RCE and RD were similar in the initial cells, showing that the cryogel mem-

branes were not blocking redox reactions at the counter electrode or the photoelectrode. As the 

cells degraded the diffusion resistance RD increased, as is common in DSCs. It also corre-

sponded clearly to the decrease in cell efficiency: RD increased the most in CNF cells and the 

least in BC and reference cells. The addition of a cryogel membranes did not notably change 

the degradation mechanisms in DSCs, main reason was still the loss of charge carriers. Similar 

results were obtained by image analysis, where the colour of the electrolyte changed at a 

roughly equal rate in all the cells. This result suggests an equal rate for the loss of tri-iodide in 

all cells, even though the analysis was somewhat complicated by the membranes in the elec-

trolyte which affected the colour of the electrolyte itself. 
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4.1.2 PEDOT and platinum catalysts in cobalt complex dye solar cells 

Platinum nanoparticles are commonly used to form the catalyst layer on the counter electrode 

of a DSC. Since platinum is a limited and expensive resource, it is desirable to find an affordable 

alternative for it when producing DSCs in large quantities. One popular choice for this role is 

the conducting polymer poly(3,4-ethylene dioxythiophene) PEDOT [62]. We conducted a com-

parative study on the stability of PEDOT and Pt counter electrodes by assembling groups of 

DSCs with both catalysts. A further comparison was made by using electrolytes with two dif-

ferent concentrations of cobalt complex charge carriers, since it also impacts the lifetime of 

DSCs (see Chapter 3.2.2). Cobalt complexes were chosen as the charge carriers instead of io-

dine due to their better compability with the PEDOT catalyst [63]. 

 

 

Figure 13. IV parameters of the DSCs with PEDOT and Pt catalysts and two different concentrations of cobalt 
complex charge carriers. The number after the name of the catalyst layer denotes the concentration of Co3+ 
charge carriers in each group: Pt05 for example is platinum catalyst with 0.05 M of initial Co3+. The Pt cell 
groups had 5 samples and PEDOT groups had 4. The solid lines in the illustration are the averages of these 
groups and the coloured areas are the standard deviations. Reprinted from Publication II with permission. 

Initially the PEDOT and Pt DSCs had rather similar performance: the Pt cells had ~6% effi-

ciency, while the PEDOT cells had ~5% thanks to slightly higher voltage and current in the cells 

with Pt catalyst. The concentration of the charge carriers did not initially have a significant 

impact on the performance. The stability of the DSCs was studied in a 2000 h stability test 

under simulated sunlight. The evolution of the IV parameters is shown in Figure 13. The de-

crease of VOC is roughly equal in all of the cells, while the DSCs with PEDOT catalyst had 

roughly 0.6 V lower VOC thorought the whole aging. Largest impacts to the efficiency of the 

samples came from decrease of FF for cells with Pt catalyst and from decrease of ISC for cells 

with PEDOT catalyst. For both catalyst types, a clear decrease started in their respective pa-

rameters around 500 hours into the aging. It should be noted that the cell groups with larger 

concentration of charge carriers (PEDOT10 and Pt10) showed signs of rapid performance loss 
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later than the groups with less charge carriers. The current of PEDOT10 began to decrease 

more rapidly around 1300 hours and the loss of performance for Pt10 did not accelerate during 

the whole aging test. 

The rate of performance decrease in the DSCs was dependent on the used catalyst and charge 

carrier concentration as is shown in Figure 13. For both types of catalysts, the cells with higher 

concentration of charge carriers degraded slower. This difference in degradation rate was ex-

pected since the loss of charge carriers is the most common reason behind DSC degradation 

and larger concentrations take longer to degrade. The counter electrode catalyst material also 

has an impact on the stability of the cells (see Chapter 2.2). The degradation in DSCs with 

PEDOT catalyst was characterised by a relatively quick drop in current at 400 h for PEDOT05 

and at 1200 h for PEDOT10 cells. 

 

 

Figure 14. a) Diffusion resistance of the DSCs with PEDOT and Pt catalysts during the 2000 h aging. b) Counter 
electrode/electrolyte interfacial charge transfer resistance during the 2000 h aging. Solid lines are the averages 
of each of the cell groups and the coloured areas illustrate their standard deviation. Adapted from Publication 
II with permission. 

Studying the internal resistive components revealed differences in the degradation behaviour 

of the two types of CEs (Figure 14). The development of the RD (Figure 14a) explains the deg-

radation already seen in the IV results, since it is mirrored by loss off ISC in all the cell groups. 

Decrease in ISC simultaneously with increase in RD indicates loss of charge carriers as a reason 

for decreased performance as the aging progresses. Even though cells with Pt CEs were overall 

more stable than PEDOT cells, their RCE increased during the aging while it remained stable in 

PEDOT cells. The increase of RD in PEDOT cells was still too significant to give them a perfor-

mance advantage over Pt cells, which benefitted from lower RD. The RS did not increase in any 

DSC (data not shown here). 

The choice of catalyst layer clearly impacts the degradation phenomena present in a cell. 

Based on the EIS analysis, the Pt catalyst layer is not completely stable itself and degrades over 

time as revealed by the increase of RCE. This may be a symptom of Pt losing its catalytic prop-

erties over time [40], [64]. The cells with a PEDOT catalyst do not suffer from a similar increase 

in RCE, but their RD increases faster, overall leading to a faster degradation rate. As a large 

molecule, it is possible that the PEDOT catalyst layer introduces more harmful impurities such 

as water [40] into the electrolyte of the DSC. It is also possible that PEDOT itself dissolves into 

the electrolyte, which has been shown to happen at least under bias voltage of 1.5 V [65], [66]. 
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4.2 Studying the influence of external conditions to the degradation rate of 
dye solar cells (Publications III-V) 

The structure and components of a dye solar cell are not the only things that have an impact 

on its lifetime. The conditions in which a DSC operates are crucial for its stability and should 

be carefully considered, especially when aiming for commercialisation. These conditions in-

clude the circuit state of the solar cell i.e. how close to the optimal maximum power point the 

cell operates and how it affects the cell, and illumination cycling which usually follows the day-

night cycle. Another important factor for DSCs to consider is its intended use. DSCs for outdoor 

applications need to survive direct sunlight, temperature variations and extremes, high humid-

ity, rain, and UV radiation. Requirements for indoor applications are more relaxed but should 

still consider circumstances such as different light spectra and shorter illumination cycles. 

This thesis includes three studies into the effects of aging conditions to the stability of DSCs. 

First study investigates the impact of the circuit state to DSC device lifetime by comparing cells 

aged in short circuit, open circuit and under a load close to the maximum power point. Second 

study reports how DSCs perform in harsh northern outdoor conditions, something that DSCs 

have not been reported in before. Finally, the third study demonstrates how even a small dose 

of UV light is adequate to trigger significant degradation in DSC performance. 

4.2.1 Dye solar cell stability in different circuit states 

Solar cells can be aged in three different circuit states for degradation studies. The most com-

mon state is a simple open circuit (OC), since it requires no special setup for the cells. This 

state would correspond to DSCs in storage. Short circuit (SC) is a second circuit state that is 

relatively simple to realise: it only requires connecting the electrodes of the DSC through an 

external circuit. In use this would happen only in the case of a malfunction, but studying DSCs 

aged in SC could give valuable information on how high current flow impacts the prevalence of 

different degradation mechanisms. The third state is the most realistic for actual DSC opera-

tion: under load. The best option would be to have the measurement setup track the maximum 

power point (MPP) of the cells and keep them there, but this requires specialised equipment. 

The load can be simulated with a resistor attached to the contacts of the DSC so that the oper-

ating point of the device is close to the MPP. 

A lack of standardised measurement guidelines in DSC stability research has led to incom-

parable and sometimes even contradictory results [27], [67]. This was found to be the case 

when the effects of circuit state on DSC stability was compared from three previous studies: in 

one of the studies performance of DCSs under load degraded clearly faster than cell left in OC 

[68], another demonstrated that there is no large difference between these two states [39] and 

third study discovered that cells in SC remained operational longer than cells in OC [69]. The 

goal in this study was to compare these three states and clarify to the causes of degradation in 

each of them. 

A set of dye solar cells was assembled and divided into three groups: one for each of the circuit 

states discussed above. They were then aged under 1Sun illumination for 1000 hours. By stud-

ying the evolution of their IV characteristics during the aging (Figure 15), it was discovered that 

the cells in OC and under load degraded at similar rates. The only difference is that the VOC of 

cells under load decreased slightly more (difference of under 20 mV). The SC cells however, 

showed more severe degradation in all their IV parameters. Already after a week of aging their 

FF had decreased 10 %-points more than in the other groups and the VOC decrease was larger 
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as well. This led to a 20 % lower efficiency when compared to the cells in OC and under load. 

A further difference is the linear loss of ISC that starts after 350 hours of aging and is not present 

in other DSC groups. It is interesting to note that the fastest decrease in performance for the 

SC cells occurred during the first 100 hours of the aging, but for the rest of the test’s duration 

the drop in performance followed similar trends as in the other groups. Based on the decrease 

in current and the previous results reported in [39], it can be hypothesised that the SC state 

accelerates the loss of charge carriers. Differences in degradation rate are further studied with 

measurements of limiting current, EIS and electrolyte colour. 

 

 

Figure 15. Mean IV characteristics and their standard deviations for DSCs aged in OC, SC and under load. Adapted 
from Publication III with permission. 

 

Figure 16. a) A log-log plot of the mean and standard deviation of ISC of the DSCs aged in OC, SC and under load 
measured at different light intensities. Measurement was done before and after the 1000-hour aging test. Once 
the growth in ISC is no longer linear as the intensity increases, the cell is affected by the limiting current. b) 
Evolution of blue RGB colour value as the aging progresses. As the blue value increases, the electrolyte be-
comes less yellow i.e. bleaches. Adapted from Publication III with permission. 
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If the decrease in current was caused by loss of charge carriers, it would be revealed by low-

ered limiting current. The limiting current was studied by measuring the ISC of the DSCs with 

several light intensities, both above and below the standard 1Sun intensity (Figure 16a). Ini-

tially ISC of the cells increased linearly until about 3Sun intensity. After the aging, all cell groups 

displayed lowered limiting current. Current of DSCs under load and at OC started to be limited 

at 2Sun intensity, which means that their loss of performance was not yet detectable at the 

standard 1Sun testing condition. If the aging had continued until the limiting current reached 

their ISC, their current would have eventually decreased similarly to cells in SC (Figure 15). The 

limiting current was affecting the cells aged in SC already at 1Sun, which explains their lower 

ISC when compared to the other groups. These results indicate that the limiting current de-

creased faster in DSCs that were aged in SC state, while DSCs in OC or under load lost their 

limiting current at a rate almost identical with each other. Another aspect that should be dis-

cussed is the large variation in the limiting current of DSCs aged in SC. Since the aging condi-

tions were uniform across all the samples, it is likely that this is caused by differences in the 

cells themselves. In this case it was hypothesised that the difference is the quality of contacts, 

which would affect how close to a perfect SC state (0 Ω between the electrodes through the 

external circuit) the cells are in. Differences between contact quality of separate samples can 

be expected to be small, which suggests that the rate of degradation is highly nonlinear close 

to an ideal SC condition. 

Internal changes in the DSCs were further studied with EIS (Figure 17). Changes in RS were 

small: from ~14 Ω initially to ~21 Ω at the end of the aging and there was no difference between 

the circuit states. RCE remained stable at ~5 Ω throughout the aging for OC and cells under 

load. In SC cells the RCE initially increased to ~9 Ω but stabilised back to ~7 Ω by the end of the 

aging (data not shown). Only significant difference between the groups was detected in RD 

(Figure 17). RD was ~2 Ω initially and after the aging had increased linearly to only ~3 Ω in the 

load and OC cells. The increase in SC cells was also roughly linear but reached ~10 Ω by the 

end of the aging. There was a clear correlation between the increase of RD and decrease of lim-

iting current (Figure 16a), which further suggests that accelerated loss of charge carriers is the 

cause behind the faster degradation of SC cells. 

 

 

Figure 17. The evolution of electrolyte diffusion resistance in DSCs aged at OC, SC and under load circuit states. 
The solid line signifies the mean of all samples in a group and the error bars their standard deviation. Adapted 
from Publication III with permission. 
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Image analysis was used to study the loss of tri-iodide charge carriers in the electrolyte during 

the aging of the DSCs (Figure 16b). As suggested by the limiting current measurements, elec-

trolyte colour (and therefore tri-iodide concentration) decreased in all the DSC groups, but the 

decrease was fastest in SC cells. The electrolyte bleaching in OC and load cells was slower and 

roughly equal in each other, with DSCs under load bleaching slightly faster. These results were 

supported also by IPCE measurements (data not shown), where the IPCE remained relatively 

stable in all the cell groups. The IPCE of SC cells in fact increased around 400 nm, which is a 

sign of electrolyte bleaching by loss of charge carriers. 

What was the cause behind faster loss of charge carriers in short circuited DSCs? The differ-

ence in OC and DSCs under MPP load was discussed in detail by Mastroianni et al [68]. In OC 

state the electrical circuit is incomplete, therefore the excited electrons in the photoelectrode 

cannot be collected into the external circuit and must eventually recombine with oxidised 

charge carriers in the electrolyte. No current is generated and only the photoelectrode and the 

electrolyte take part in the process. If the circuit is completed, the whole DSC is involved in the 

operation. In this case a concentration gradient of the charge carriers is formed in the electro-

lyte, with highest concentration of tri-iodide at the photoelectrode and lowest at the counter 

electrode [70]. Higher concentration of tri-iodide close to the photoelectrode has been hypoth-

esised to increase accumulation of tri-iodide within the nanoporous structure of the photoe-

lectrode and reactions between the charge carriers and thiocyanate ligands (SCN-) [68]. Both 

effects would be detected as a decrease in limiting current and bleaching of electrolyte. Assum-

ing that a higher current generated by the cell, such as in SC condition, generates a larger 

charge carrier gradient in the electrolyte, the loss of charge carriers would be accelerated fur-

ther. This explanation fits well with the measurement results, since DSCs in SC degraded 

clearly faster than any other type. In fact, since DSCs under load and at OC degraded almost at 

an identical rate, the accelerated loss of charge carriers by electrolyte concentration gradient 

becomes significant only on higher currents. Other degradation mechanisms dominate on 

lower currents. 

4.2.2 Dye solar cell stability in harsh northern outdoor conditions 

DSCs that are installed outdoors will have to endure varying weather conditions and typical 

accelerated aging tests do not take these into consideration even though it is likely they affect 

solar cell operation. Changes in humidity and cycling of temperature and illumination may all 

have unexpected effects on DSC stability. For example there are indications that periods of 

darkness might regenerate DSCs, thus extending their lifetime [32]. Outdoor testing of DSCs 

is a rare practice, with only 13 prior studies found in 2018. These aging studies were conducted 

between latitudes of 24 °N (UAE) and 48 °N (Germany), i.e. in climates ranging from hot to 

mild. To study how harsh northern weather conditions impact the lifetime and performance of 

DSCs, a group of the cells was assembled and aged in a specifically designed outdoor testing 

station in Finland (60.2 °N) during late autumn for six weeks. During the study the weather 

ranged from sunny (+12…+5 °C) to rainy (+9…+0 °C) and snowing (0…-6 °C), giving a wide 

range of conditions to track the cell performance in. 

The aging began on 6th of October and ended on 17th of November in 2016. The outdoor test-

ing setup automatically measured the IV curves of the cells and collected weather data in the 

form of temperature, humidity and irradiance (Figure 18). The weather measurements reveal 

details such that humidity was extremely high during the whole study, cumulative irradiance 
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dose for the period was only 34 kWh/m2 and the irradiance was practically zero when the cells 

were covered by snow. 

The weekly IV measurements in standardised 1Sun conditions (Figure 19) reveal that there 

were two distinct periods at weeks 2 to 3 and 5 to 6 when the current of the DSCs degraded 

significantly, otherwise remaining stable. These drops in performance coincide with rainy 

weather, which suggests that increased moisture caused the decrease in cell current and effi-

ciency, demonstrating the need for good encapsulation to protect the DSC active components 

from the elements. Freezing temperatures and snow did not have an impact on the DSCs, which 

is promising for their use in cold climates. Overall, the DSCs lost 12 % of their initial efficiency 

during the aging test.  

 

 

Figure 18. Humidity, temperature, and irradiance measured by the outdoor testing station during the aging test. 
Symbols at the bottom illustrated what type of weather was prevalent during each of the weeks. Reprinted from 
Publication IV under CC-BY license. 



Results and Discussion                                                                               

39 

 

Figure 19. IV parameters of the DSCs aged in outdoor conditions. These were obtained weekly by measuring the 
cells indoors in a solar simulator. (A) Efficiency, (B) short-circuit current, (C) open circuit voltage and (D) fill 
factor. Reprinted from Publication IV under CC-BY license. 

Results of EIS measurements confirmed observations made based on the IV data (not shown 

here). Both RCE and RD increased during the rainy weeks (week 3, 5 and 6), consistently with 

the decrease of current in the IV measurements. Unfortunately, the legibility of EIS data suf-

fered after week 3, complicating fitting the DSC equivalent circuit model to the data. This re-

sulted in large deviation for the values of RCE and RD. The total loss in ISC during week 3 is still 

larger than the increase in internal resistances would suggest, indicating that there is more 

than one source of degradation affecting the DSCs. 

Colour analysis of the DSC electrolyte was performed weekly on digital photographs of the 

cells (Figure 20). The colour of the electrolyte clearly bleached as the aging progressed. The 

fastest bleaching occurred during week 3, which was also the time when outdoor humidity was 

the greatest. The colour of the electrolyte recovered somewhat after the humid and rainy 

weather passed. Based on the tri-iodide concentration correlation with colour determined in 

[32], overall bleaching during the test corresponds to 50 % decrease in tri-iodide concentration 

(from 0.05 to 0.025 mol/L). Although substantial, this loss is not large enough to cause the 

limiting current to yet limit the performance of the DSCs under ordinary operating conditions. 

Therefore, degradation of another component of the DSCs is likely behind the loss in perfor-

mance. One further issue to note is the transient loss of colour in the cells, visible in photo-

graphs on week 4 and 6 (Figure 20). In these cases, the lower part of the cells is almost com-

pletely bleached, while the upper part of the cell retains its colour. This spatial separation of 

charge carriers has been suggested to be caused by gravity, since the DSCs were tilted towards 

the south when attached to the outdoor aging station [68]. The effects of gravity are something 

that should be taken into consideration when designing large-scale DSC panels with liquid 

electrolyte. 
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Figure 20. (A) Photographs of the photoelectrode and electrolyte of an example cell throughout the 6-week aging. 
(B) Average blue colour value of the electrolyte on every week of the aging. Since blue is the complementary 
colour of yellow, increase in blue value corresponds to decrease in yellow, i.e. bleaching of the electrolyte. 
Reprinted from Publication IV under CC-BY licence. 

 

Figure 21. (A), (C) and (D): efficiency as a function of different weather parameters. (B): power density as function 
of irradiance. Brightness of the data points signify the progress of the aging study. Reprinted from Publication 
IV under CC-BY licence. 
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IPCE measurements were used to study the decrease in ISC further. On average the IPCE of 

the DSCs was 30 % lower after the aging period, corresponding well with the magnitude of ISC 

loss, suggesting that the degradation of the photoelectrode is the main reason behind loss of 

DSC performance in this outdoor study. To summarise: introduction of water into DSCs during 

humid and rainy weather degrades the photoelectrode, causing decrease in ISC. This conclusion 

is supported in literature related to introduction of water into the cell: it is hypothesised that 

water in the cell increases TiO2 conduction band edge, preventing injection of electrons from 

the LUMO of the dye to the TiO2 [51], [71]. Other possible reasons for lower IPCE caused by 

water within the cell include the increase in recombination sites and chemical degradation of 

the dye molecules themselves. 

The outdoor IV measurement results gave similar results as the weekly indoor measure-

ments: efficiency decreased and VOC increased slightly. Measured efficiency and FF were higher 

in outdoor measurements since the light intensity was lower which leads to smaller losses in 

current generation. It is worth to note that in the case of silicon solar cells efficiency decreases 

when light intensity decreases, enhancing the comparative viability of DSCs in low light condi-

tions. It was also discovered that even at -10 °C the performance of DSCs was not affected. The 

effect of weather on DSC performance was studied in more detail by comparing efficiency and 

power density with different weather parameters (Figure 21). We can see an inverse correlation 

between irradiance and efficiency, i.e. efficiency increases at low irradiance. There is also high 

amount of variance in the cell efficiency at very low light intensities, which is likely caused by 

inaccuracies when the parameter is estimated from low intensity measurement data. As ex-

pected, power density was almost linearly dependent of the irradiance at these conditions. Fig-

ure 21c-d suggest that humidity and temperature did not have immediate effect on DSC effi-

ciency. Based on the previous measurement results, it is likely that the DSC performance is 

dependent on humidity, the dependency does not show up in the data since the weather pa-

rameters are correlated with each other. As an example, rainy weather decreases cell perfor-

mance as water is permeated into the cell, but low light intensity during rain increases the 

efficiency by decreasing losses. Studying weather effects on DSCs requires more sophisticated 

methods than linear correlation, and are considered to be challenging to use in practice [72], 

[73]. 

4.2.3 Degradation of dye solar cells under UV cut-off filter 

Ultraviolet light (UV) substantially accelerates DSC degradation, making it important to shield 

DSCs from UV radiation [27]. Present practice to reduce adverse effects of UV is to use optical 

filters to absorb the harmful UV wavelengths from the incident light. However, this UV protec-

tion is rarely an actual part of any DSC aging studies, as many studies use simulated sunlight 

without UV wavelengths (such as LED lamps). This study is focused on investigating the ade-

quacy of the protection given by a high performance 400 nm UV cutoff filter and whether the 

results are equal to a case where LED light without UV irradiation is used. These questions 

were investigated by comparing the degradation of two groups of DSC samples: one under LED 

lamps that do not emit any UV and the other under a xenon arc lamp (emits UV and visible 

light) with a UV filter. 

The DSCs were aged for 3000 hours in total but demonstrated significant differences already 

after 500 hours. The IV parameters of the cells were tracked constantly during the test and can 

be seen in Figure 22. Cells under UV-filtered full spectrum started to degrade rapidly at the 
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500-hour mark and had lost 80 % of their initial efficiency by 1300 hours. The cells that were 

exposed only to visible light were stable through the whole 3000 hours.  

Causes behind the degradation were studied with EIS (Figure 23). The results support the 

findings from IV measurements: all the resistances remained constant in the DSCs exposed to 

visible light and increased in the cells exposed to the UV-filtered full spectrum. For DSCs under 

UV-filtered full spectrum light largest increase during the aging was in the diffusion resistance 

RD, which was initially around 5 Ω but roughly 250 Ω at the end of the aging test. RCE increased 

similarly to RD, on average from 10 Ω to 110 Ω during the aging. The increase in both RD and 

RCE began around 1000 hours after the start of the aging, which suggests that they were caused 

by the same phenomenon. It is likely that the cause for increased RD and RCE is the loss of 

charge carriers in the electrolyte of the cells, since it can affect both of those parameters [32], 

[74]. The decrease of ISC also occurred simultaneously with the increase of the internal re-

sistance, confirming their increase to be behind the loss in performance. RS increased as well, 

but this began only after 1500 hours. By then the DSCs under UV-filtered illumination had 

already degraded to 20 % of their initial efficiency, making it unlikely to impact the perfor-

mance significantly. 

The loss of charge carriers was studied in more detail by tracking changes in the electrolyte 

colour during the aging (Figure 24). This revealed that the electrolyte colour bleached i.e. 

charge carriers were lost in both DSC groups. The rate of bleaching was roughly twice as fast 

in the cells under UV-filtered full spectrum illumination. The roughly linear rate of bleaching 

suggests that the loss of charge carriers occurred at a constant rate as well. 

 

Figure 22. IV parameters during the aging test. Since the light sources emitted different spectra of light, the DSCs 
in different groups gave differing values for the IV parameters already at the start of the aging. The values were 
normalised to make the analysis clearer. Violet curves refer to DSCs that were aged under full spectrum with 
UV filters (xenon arc lamp) and orange curves to the samples that were exposed only to visible light (LEDs). 
The solid line signifies the average of samples in each group and the coloured area is the standard deviation. 
The gap in data for cells aged under UV-filtered full spectrum was caused by a data collection error. Reprinted 
from Publication V under CC-BY license. 
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Figure 23. Internal resistances of the DSCs aged under UV-filtered full solar spectrum illumination (violet) and only 
visible light (orange) measured with EIS. Data points are calculated from the average value and the shaded 
area is the standard deviation between samples. Reprinted from Publication V under CC-BY license. 

Aside from the light spectra, the conditions in which the DSCs were aged in were similar. The 

aging setups were in the same ambient condition and the illumination intensity corresponded 

to 1Sun intensity in both groups. The average temperature of the cells in visible light was 40 °C 

and the cells under UV-filtered full spectrum were at 55 °C. The effects of the difference in 

temperature were studied further with one DSC sample at 52 °C under 9Sun LED illumination. 

After 1000 hours of continuous illumination the cell did not show degradation in ISC, while the 

DSCs under UV-filtered full spectrum had already lost 20 % of their efficiency at that point. If 

temperature had been the main cause behind degradation, this cell would have degraded at 

least at a rate similar to the cells under UV-filtered full spectrum illumination. This finding is 

further supported by earlier literature which indicates that temperature degradation becomes 

significant at and above 80 °C [25], [27]. 

 

 

Figure 24. Yellow values of the DSC electrolytes during the aging test, expressed in CMYK colour space. The dots 
are the average of each measurement and the shaded area illustrates the standard deviation between the 
samples. The lines are a linear fit to the data: slope for DSCs under full light spectrum with UV filter was -
0.0245 Y-units/h and for cells under only visible light it was -0.0116 Y-units/h. Reprinted from Publication V 
under CC-BY license. 
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Figure 25. Light spectra of the lamps used in the aging study. The spectrum of the xenon arc lamp is shown both 
with and without the UV filter. The vertical line is used to mark the wavelength that corresponds to the band 
gap energy of anatase TiO2. Reprinted from Publication V under CC-BY license. 

Elimination of other possible factors that can cause DSC degradation leaves the differences 

in illumination spectra (Figure 25) as the most probable reason behind the differences in deg-

radation rate between the two groups of DSCs. While there are differences between the spectra 

at all wavelengths, the high energy photons at and below 400 nm are likely to be the main 

culprits. It has been suggested that high energy photons cause direct excitations of electrons in 

the TiO2 which then react with oxygen radicals on the TiO2 surface. These reactions create trap 

states which irreversibly trap charge carriers of the electrolyte [32], [47], [48]. Another possi-

bility is that UV light causes water splitting in any water that has ended up within the cell dur-

ing assembly or permeated during the aging test. The products of water splitting would then 

react with charge carriers in the electrolyte, degrading the DSC [49], [50]. Both degradation 

mechanisms could be affecting the DSCs simultaneously when subjected to high energy wave-

lengths. 

Figure 25 reveals that despite the UV filter, the cutoff wavelength is higher for DSCs under 

the filter than for the cells under LED light. It is possible that this region between 395 nm and 

415 nm is enough to trigger the accelerated degradation measured in the cells under the UV 

filter. It is also possible that small amount of UV light is still transmitted through the filter, and 

it is this small amount of high energy photons that can trigger faster degradation. The manu-

facturer of the filter promised over 95 % protection for the wavelengths below the cutoff. Ac-

cording to our measurements (Figure 25), the protection was high enough that the UV intensity 

was below the detection threshold of our instrument. 

Previous studies have revealed that DSCs without any UV protection degrade completely in 

50 to 100 hours [74], [75]. The addition of a UV filter extended their lifetime 10-fold, but still 

cannot reach lifetimes that are achieved with lamps that do not include UV at all. This demon-

strates that the question of what kind of UV filter is needed adequately protect DSCs in real 

operation is still unsolved. What is the correct cutoff wavelength and how large share of the 

incident radiation it should absorb below that wavelength? On the other hand, it should be 

remembered that higher cutoffs will naturally cause lower currents to be produced by the cells 

since less radiation reaches the photoactive parts of the cells. Therefore, finding an optimal 

cutoff UV filter is an important step that is required before DSCs can be commercialised. 
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4.3 Insight into dye solar cell stability research methodology (Publications III-
VI) 

DSCs have been close to market breakthrough for years [67], but are held back due to their 

lower stability when compared with the more established silicon solar cells. Market break-

through requires that research focus for DSCs should shift towards improving stability, but 

only roughly one fifth of articles mention stability in their topic. In addition, those studies that 

do research DSC stability, do so with significantly varying practices and tools. Different meth-

odology prevents reliable comparisons and repeatability between test, possibly even leading to 

contradictory results between stability studies performed in different laboratories [67]. The 

lack of standardised methods for DSC stability studies likely arises from lack of research focus 

on the topic. The stability of DSCs was always relatively high for a new PV technology, com-

pared e.g. to perovskite solar cells, which disincentivised formalisation of degradation research 

standards. Therefore, since the inception of DSC technology, most research on DSCs has fo-

cused on improving the performance of the devices and using materials with more desirable 

properties in the assembly of the cells. In recent years the research focus has shifted towards 

stability research, which has led to calls for improved and more standardised reporting and 

measurement methods in the field [48], [67]. Similar standardisation has been seen in the field 

of organic photovoltaics with the introduction of ISOS protocol in 2011 [76]. 

This chapter presents an overview of the status of stability research of DSCs and perovskite 

solar cells, based on a comprehensive review of 261 aging tests in 157 research articles pub-

lished in 2015 and 2016. Steps to improve current practices are also discussed. The chapter is 

divided into three topics: the design of the aging tests themselves, the conditions in which the 

solar cell samples are in and the overall reporting of the stability study. 

4.3.1 Aging test design 

As in all experimental research, the goal of a solar cell aging experiments should be clear, and 

the tests should be designed to meet those goals. Generally aging tests are done to determine 

the lifetime of a solar cell in certain conditions, or to compare the stability of different types of 

cells. The goal of the test should also influence which measurements are done before, after and 

during the test. Our review revealed that over 90 % of the aging studies measured the IV re-

sponse of the cells and 41 % performed additional measurements. Most of the studies meas-

ured at least the IV curves during the aging test, which allows for basic tracking of the degra-

dation process. When choosing which measurements should be done during an aging test, it is 

important to also consider any effects they have on the cells themselves. For example constant 

IV cycling may accelerate the degradation of DSCs, while EIS measurements can actually cause 

the DSCs to recover slightly [74]. Effect of the measurements should be considered in the anal-

ysis of the results. Another aspect to consider is the workload of repeated measurements during 

an aging test. While extensive measurements during the aging help track degradation phenom-

ena, it may easily become too time consuming. Finding a balance between necessary repeated 

measurements and work hours spent on them is important. Investing in automatic measure-

ments is an effective way increase the amount of collected data with minimal time investment. 

Duration of an aging study is another aspect that must be considered when designing a study. 

The most common test for DSCs is 1000 hours under simulated sunlight. While it is simple to 

use this tried-and-true standard, more specific tests can be considered based on the goals and 

expected results of the test. A test can obviously be shorter if the cells degrade significantly 
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before reaching the 1000-hour mark. Aging study could also be longer if the cells are stable for 

the first 1000 hours. A test that is long enough to capture the eventual degradation of the solar 

cells would offer insight into the mechanisms of the degradation. 

The review of DSC stability research literature revealed serious shortcomings in the sizes of 

each studied cell group. Most studies had only one DSC sample in each studied group (Figure 

26). A single sample might be enough to determine how stable a certain type of cell can be, but 

it will not give reliable results when comparing different cell types with each other. Adequate 

sample group size depends on many factors, which should be considered when designing the 

aging experiment. The most important of these factors are the expected differences between 

cell groups, expected variation between samples within a group and the desired level of statis-

tical significance of the results. If you expect to see a large difference between the results, fewer 

samples are adequate. On the other hand, if there is a large variation between the samples, a 

larger number of them is required to eliminate the noise. Solar cell samples may also break 

during the assembly or aging through mechanical failure. These broken samples will be ex-

cluded from the analysis, so the likelihood of such failures should be considered, and the initial 

number of samples increased accordingly. If there is a need to keep the number of samples low 

due to lack of space in the aging equipment or desire to minimise workload, the cell groups can 

have different sizes. For example, if the cell-to-cell variance between reference cells is expected 

to be small due to prior experience, the reference group can have fewer samples than the other 

groups. 

 

 

Figure 26. Number of solar cell samples in each group as reported in the 157 reviewed research articles. Studies 
labelled ‘unknown’ did not specify the number of samples at all and other merely referred to them in plural form 
‘>1’. In some cases, an interval of group sizes was given. Reprinted from Publication VI under CC-BY licence. 

All measurements will invariably have some noise associated with them. In the case of DSC 

aging tests, the noise can become a substantial factor if it is accumulated through the long aging 

process. The best way to minimise noise in aging measurements is to be prepared to address it 

already before and during the measurements. Commonly noise that is detected in degraded 

DSCs is caused already during the assembly of the samples. It can be caused for example by 

changing ambient conditions, such as increase in air humidity, or contamination of some com-

ponent of the unassembled cells. It is therefore recommended that the samples are assembled 

in randomised order i.e. not one cell type at a time. Ideally all the samples should be assembled 

on the same day. Assembling the samples in a single session should minimise the risk that one 
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cell group is more affected by some nuisance factor, which could lead to false results. During 

the aging test, great care should be taken that the illumination intensity is as uniform as pos-

sible across all samples. There will likely be some spatial intensity variation across the aging 

surface. Its effect can be minimised by mixing the different types of samples together, so that 

any spatial variation in illumination is averaged out in each of the sample groups. The intensity 

should also be tracked during the aging by measuring it separately on top of each of the cells 

for example weekly, allowing the detection of any degradation in aging lamps themselves. Fi-

nally, if despite all precautions there is noise in the data, it can be analysed and hopefully re-

moved with statistical analysis methods such as regression analysis and analysis of covariance. 

4.3.2 Aging test conditions 

There are several variables in the conditions solar cells can be aged in: illumination spectrum, 

ambient humidity, electrical state of the cells and temperature to name a few of the most im-

portant ones. Of the 261 reviewed aging studies only 15 were in actual outdoor conditions and 

the rest simulated solar cell operation with indoor methods. As mentioned already in chapter 

4.2.1, cells in most studies (61 %) are held in open circuit during aging since it is the easiest to 

realise experimentally. It would be desirable to increase the amount of studies where the cells 

are under load since that type of test is closest to real-life solar cell operation. 

Illumination conditions in stability research are obviously very relevant for photoactive de-

vices such as solar cells. Surprisingly, as much as 49 % of the reviewed studies aged their solar 

cells in dark. Dark conditions simulate solar cells in storage, which is a less relevant state for 

DSC stability than when the cells are in operation. Additionally, the quality of the light spec-

trum in illuminated tests varies greatly. Only 23 % of all tests use the full spectrum of light, 

while 15 % did not report accurately the spectrum used (Figure 27). Reporting the share of UV 

illumination is especially important since DSCs have shown to be extremely susceptible to UV-

induced degradation (chapter 4.2.3). Fortunately, the reporting of visible light is more accu-

rate, and majority of tests are done under 1Sun visible intensity. As discussed in chapter 4.2.3, 

disregarding UV light from an aging study assumes the cell is fitted with a UV filter, which is 

not necessarily enough to prevent UV degradation. Another unexpected difficulty in stability 

testing is that some industry standards for solar simulators (SFS-EN 60904-9, JIS C 8912, and 

ASTM E927) have specified the light spectrum only for wavelengths above 400 nm, which 

means that the simulators are not necessarily accurate in the UV wavelengths. 

Temperature and humidity are other environmental factors that have been shown to signifi-

cantly impact the stability of DSCs [51], [52], [77]. Unfortunately values for environmental pa-

rameters in aging tests are reported only in one-third of the studies. Most studies that reported 

these values had ambient indoor humidity and temperature ranging from 20 °C to 60 °C. Lack 

of publications with over 80 °C aging suggests also that DSCs still have serious issues with 

thermal instability at high temperatures [27]. Tracking and reporting environmental factors 

would help identifying causes of degradation and facilitate more accurate comparisons be-

tween studies. 
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Figure 27. The amount of a) visible light and b) UV light in the reviewed studies. The unit of intensity is 1Sun 
equivalent. Some of the studies do not mention whether there is light in visible or UV ranges (Unknown), or 
only mentions qualitatively that there is some light in these ranges (Some). Reprinted from Publication VI under 
CC-BY licence. 

4.3.3 Reporting of aging test conditions and results 

The review of aging studies has revealed room for improvement in the reporting practices of 

DSC aging studies. Increased detail in reporting would help identify causes of degradation and 

allow better comparisons between studies, potentially explaining even contradictory results 

[29], [51], [52]. For a thorough overview of the aging conditions, a scientific report should in-

clude duration, temperature, air humidity and circuit state of the samples during the aging test. 

If the cells were illuminated during the test, the light spectrum should be detailed, preferably 

with a graph. Reporting the data for all the cells in the aging, at least in the supporting infor-

mation would help increase the reliability of aging studies. 

Employing statistical methods in the analysis of results from aging studies would provide 

increased verity to the conclusions. Statistical methods can be used in removing outliers 

(Peirce’s criterion [78]) and noise (regression or covariance analysis), or to determine if meas-

ured differences between cell groups can be considered statistically significant (t-test). Utilisa-

tion of statistical methods however requires large enough cell groups, since too small cell 

groups can easily lead to false negatives. Naturally common sense should be also applied when 

relying on statistical methods. By considerably increasing the number of cells in an aging study, 

the t-test can detect even the most minute differences between groups of cells. Researchers 

should also consider what magnitude of a difference will have any practical difference. 
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5. Conclusions 

5.1 Summary and Conclusions 

This thesis covers multiple aspects of DSC lifetime and stability research. The work approached 

the topic from three directions: experimental studies of how changing DSC components im-

pacts stability, comparisons of different aging conditions, and their effects on DSC lifetime and 

a review of current aging research practices. This chapter summarises and discusses the results 

of each of the research questions introduced in Chapter 1.2. 

5.1.1 New materials and methods to increase lifetime of dye solar cells 

The results of Publication I demonstrated that the use of bacterial cellulose electrolyte-soaking 

membranes increases both the efficiency and lifetime of DSCs. The initial efficiency of BC DSCs 

was 44 % higher than that of reference cells without an electrolyte membrane and the perfor-

mance decreased at a rate comparable to reference cells under UV illumination. The bio-based 

membranes simplified the assembly process of DSC devices by eliminating the need of holes 

drilled through the substrate, instead allowing the liquid electrolyte to be applied directly onto 

the membrane before the cell was sealed. The other types of tested bio-based membranes de-

creased the lifetime of DSCs, likely due to the presence of lignin and proteins. 

These results confirm that the use of bio-based electrolyte-sponges is a viable method to im-

prove liquid electrolyte DSC fabrication. Although untested in this study, this would be an ex-

cellent method to reduce filtering of electrolyte components in large-area DSC modules [60]. 

Unfortunately, large-scale deployment of bacterial cellulose in DSC is unlikely currently, since 

production costs of BC are still relatively high [79], which would harm the low-cost target of 

DSCs. Since BC is inherently free from lignin and that was likely cause for its superior perfor-

mance, other cellulose membranes where lignin is fully removed could be viable options as 

well. 

Publication II revealed that the degradation rates of cobalt complex DSCs was impacted by 

the use of PEDOT catalyst instead of the more common Pt nanoparticles. PEDOT caused faster 

increase of diffusion resistance in the cells, which suggests that PEDOT slightly accelerates the 

loss of charge carriers in the electrolyte when compared to Pt. The concentration of cobalt com-

plex charge carriers in the electrolyte had a more significant impact on the stability of the DSC 

devices than the used catalyst: as suggested by previous research [80], additional Co3+ in the 

electrolyte allowed the cells to operate longer before enough charge carriers had degraded to 

cause limiting current to lower device performance. EIS measurements also suggested that, 

unlike Pt, PEDOT catalytic activity was not reduced during the aging of the cells. This shows 
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that PEDOT catalyst layers have potential as efficient and low-cost alternatives for Pt nanopar-

ticles in DSCs, as long as their impact on the stability of electrolyte can be mitigated. 

5.1.2 Operating conditions of dye solar cells 

The effects of operating conditions on the lifetime of DSCs were studied in Publications III, IV 

and V. The first study was a comparison between different circuit states: it was discovered that 

short circuited DSCs degraded faster than DSCs connected to a load or in an open circuit. There 

was no statistically significant difference between cells in open circuit and under load. This 

result is in agreement with a previous study [39]. Another study tracked DSC degradation in 

harsh outdoor conditions. It was determined that wet and rainy weather is the most harmful 

condition for DSC stability. Unlike in other studies of this thesis, the degraded component was 

the photoelectrode and not the electrolyte charge carriers. It is likely that increased humidity 

degraded the dye or increased recombination of excited electrons on the photoelectrode. Fi-

nally, the rate of DSC degradation for UV filtered light and light that does not contain any UV 

was compared. It was revealed that DSCs are so susceptible to UV light that even a UV filter 

was not adequate to prevent all UV-induced degradation. UV degradation is often disregarded 

in DSC research by stating it can be prevented with the use of a UV filter [81], but these results 

demonstrate that it is still an issue that requires further attention. 

The results summarised above are important not only because they demonstrate how DSCs 

will perform in actual operation, but also because they highlight factors that should be focused 

on in future DSC stability research. These results have shown that the DSC degradation behav-

iour is similar when aged at maximum power point or in open circuit, which is promising since 

most research aging research is done with the cells in open circuit. Using maximum power 

point tracking in the future would be more accurate, but this requires extra investments in 

maximum power point tracking systems or using separate resistors that prevent the use of au-

tomatic measurement systems. These studies also present accurate descriptions of aging test-

ing devices and setups, something that the DSC research community needs to improve on. For 

example, outdoor testing of DSCs is extremely rare, but the affordable setup introduced in Pub-

lication IV is capable of testing solar cells reliably in both rainy and frozen conditions. 

The practical implications of these studies are also various: while the demonstrated issues 

with UV sensitivity are unfortunate, there was also positive practical results. DSCs are known 

to have significantly higher performance under low light illumination due to lower resistive 

losses [82], and this was demonstrated in the outdoor aging study. When the cells were not 

exposed to direct sunlight, their efficiency was about 10 %, which was twice as high as in 1000 

W/m2 intensity. The higher efficiency caused the cells to produce roughly 50 % more current 

during the test than expected by calculating produced current with the efficiency measured 

with solar simulator in standard conditions. It is worth to note that the efficiency of silicon 

solar cells behave oppositely in low-light conditions: their efficiency decreases, lowering pro-

duced current even further [83]. 

5.1.3 Dye solar cell stability research methodology 

The current state of DSC stability research was evaluated in Publication VI. The study identi-

fied that most common deficiencies in stability studies are too small sample sizes for reliable 

statistical analysis and lacklustre descriptions of the conditions that cells are aged in. Too small 



Conclusions                                                                               

51 

amount of cells prevent making reliable comparisons between different types of cells or be-

tween cells in different studies since the deviance in results could mean that cells which do not 

have significantly differing IV parameters, could not be reliably ranked based on their perfor-

mance. Similarly, lack of detailed descriptions of aging conditions prevents making compari-

sons between different aging tests, because the lifetime of cells that were subjected to different 

conditions are not comparable. Lack of accurate descriptions prevents other researchers from 

accurately replicating a test or explaining perceived differences between study results. The 

most harmful factor that was commonly missing from experimental details was intensity of UV 

light, which is a serious issue when considering its extreme harmfulness to DSCs. Publication 

VI also included suggestions and methods for estimating adequate number of samples and 

checklists for reporting environmental conditions in an aging test. 

DSC research would greatly benefit from forming of general measurement guidelines 

through a consensus among researchers working in the field. Similar protocols have been pre-

pared for organic photovoltaics earlier [76] and, more recently, for perovskite solar cells [84]. 

Both perovskite and organic solar cells as third generation photovoltaics are relatively similar 

to DSCs, so using their guidelines as a basis for measurement guidelines of DSC should simplify 

the process of preparing these new guidelines. Most, if not all, of the stability standards for 

organic and perovskite solar cells are applicable for DSCs as is. Suggested method for preparing 

these guidelines is to arrange an international summit or series of summits to determine the 

measurement standards among experts in the field. 

 

5.2 Recommendations for future work 

As is common in academic research, the studies of this thesis revealed several research topics 

and ways to supplement or continue the work. The electrolyte type that was chosen for most of 

the studies in this thesis was with iodine charge carriers, due to their good efficiency and sta-

bility. This does not mean that iodine electrolyte will be the best choice for commercial DSCs. 

As demonstrated by Publication II, cobalt complex electrolytes are a promising high perfor-

mance alternative with capacity for high stability [74]. More recently research focus has shifted 

copper electrolytes, which seem to promise high efficiencies with abundant and cheap materi-

als [85], [86]. These alternative electrolytes would benefit from stability research at the same 

level of detail that iodine electrolyte has received. It would help in recognising and explaining 

the mechanisms of degradation for these types of cells, which in turn would provide clues on 

how to improve their stability. 

It was concluded in Publication I that bacterial cellulose cryogel membrane is capable of sim-

plifying the assembly process of a DSC laboratory sample cell without any harmful impacts to 

performance or stability. The use of membranes has been shown to reduce electrolyte filtering 

[60], but this could be demonstrated with a separate proof-of-concept study for large-scale 

DSC devices. The search for suitable electrolyte membrane materials could also be continued: 

the options studied in this thesis had the advantage of being bio-based materials, but materials 

with other qualities, such as low cost or simple manufacturing process, could be explored. 

The outdoor stability study in Publication IV revealed that the most harmful factor to DSCs 

was humidity and rain. Similar outdoor stability study could be used to compare the quality of 

different sealing materials and methods. Suitable sealing methods for third generation photo-

voltaics include glass frit sealing [87], epoxy coating [88] and UV-curable resins and glues [89]. 
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Alternative substrate materials, such as plastics, would also be an interesting component to 

study in outdoor conditions, since most (if not all) DSC outdoor stability studies have used 

glass substrates. The study into UV sensitivity (Publication V) could also be expanded upon. A 

comparative study between different UV filter cutoff wavelengths can be used to experimen-

tally confirm the wavelength at which UV degradation starts to affect the DSC. This infor-

mation is important for designing a UV cutoff filter that will mitigate UV degradation while 

minimising the impact on cell performance. 

The stability research of DSCs could also be taken into a completely different direction: com-

putational modelling. Previous studies in this topic for DSCs are rare [90], but some exists for 

other third generation photovoltaic technologies [91]–[93]. There are several approaches to 

modelling DSC stability, ranging from complicated physical and chemical models to simple 

extrapolation. An interesting way to utilise the measurement data accumulated over multiple 

DSC aging studies would be to feed them into machine learning algorithms with the goal of 

investigating degradation mechanisms and perhaps even predict rate of degradation in ad-

vance. Since even accelerated tests may last for thousands of hours, predictive modelling would 

help to increase the frequency at which aging studies can be performed by giving early indica-

tion which cells perform poorly, or by allowing researchers to begin tentative data analysis 

while the aging measurements are still ongoing. 
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