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A B S T R AC T

Kati Miettunen1,2*, Aapo Poskela1, Armi Tiihonen1, Sabine Rendon3, Kirill Axenov4, Leif Kronberg3, 
Reko Leino3, Peter D. Lund1 

Degradation of dye solar cells is a major obstacle in their commercialization. Here we look into how much 

resulted in a highly relevant discovery: the loss rate of the charge carriers in iodine electrolyte was approximately 
double compared to cobalt electrolyte. Furthermore we could provide indicative estimates of future lifetimes of 
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I. INTRODUCTION long light soaking tests is problematic – the cells 
cannot be stacked like in humidity or temperature 
tests – so one needs to carefully consider the length 

– like this one – and an important question is how 

component: the electrolyte. The long-term vision 
is that the performance of the solar cells could at 
least be partly predicted based on visual changes in 

on two most interesting electrolytes for dye solar 
cells: the conventional iodine based electrolyte and 
cobalt complex electrolyte. The conventional redox 

lifetimes have been gained with this redox couple 

 
the key 

factors hindering their large-scale commercialization. 

number of stability studies is marginal compared to 

interrelated and/or masked by one another. Another 
problematic factor is the length of stability studies. 

this corresponds to one year outdoor light exposure in 

produced as much energy than was needed for its 

therefore to have a positive impact on sustainable 
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causes some losses in the maximum voltage and 

motivated the investigation of alternative redox 
mediators for DSCs. Due to their more optimal 

advantage of the electrolytes with cobalt complexes 

transparency: cobalt electrolytes do not absorb much 
light. The stability of the cobalt complex electrolyte 

optimization of the electrolyte composition has shown 

studies investigating the stability of these devices is 
negligible compared to the amount of reports looking 
at initial performance.

good stability in the case of cobalt electrolyte had 

is unclear and is thus another interesting subtheme of 
this work.
 Here we show that substantial indicative 

photographic analysis. These estimations are not an 

powerful in guiding the next steps of development. 
Our approach is a massive improvement on the 

based on linear extrapolations of changes in the 

hence linear extrapolations are completely inadequate. 

performance may even improve to some extent initially 
as with fewer charge carriers there is less current 
leakage from the photoelectrode to the electrolyte. 

II. EXPERIMENTAL 

. 

electrode 
and photoelectrode substrates. The substrates 

substrates had two small holes for electrolyte 
injection. The photoelectrode substrates used in the 

. The ALD layer was used to 
reduce the leakage current from the substrate to the 

cells.
 A TiCl  treatment was given to the 
photoelectrode substrates: they were placed in a 

 photoelectrodes 

layers of TiO  were printed: two layers with small 
TiO

only one layer of both. The layer was left thinner 
in the cobalt cells to avoid increased electron 

photoelectrode is generally shorter in cobalt complex 

another TiCl  treatment and then sintered again. 
The photoelectrodes were dyed by placing them in 

 The counter electrodes were made by 
PtCl

on the substrate. After the platinum solution had 

 

as solvent. The cobalt complex was synthesized 

the photoelectrodes and counter electrodes were 

cell through the holes in the counter electrode 
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with a pipette. The holes were sealed with a Surlyn® 
cover foil and a microscope glass. After the cell was 

substrates to serve as current collectors and some 

tape and conductive side of the substrate to improve 
the contact. Finally some epoxy glue was added on the 
contacts and between the substrates to improve their 
mechanical durability.
 The cells had a blank area next to the 
photoelectrode that allowed investigation of the 
electrolyte color. This setup is non-optimal for 

the understanding of the aging phenomena and 
particularly tracking the electrolyte color using in-situ 

that purpose. 

The cells were measured thoroughly twice: once initially 
after the assembly and once after the 

performed using a solar simulator with halogen lamps 

TiO

which used xenon lamps. The cells were placed on a 

intensity was varied by changing the distance between 

 The electrochemical impedance spectroscopy 

measurements were made under illumination using 
the solar simulator at opencircuit conditions. The 

equivalent circuit model presented in the literature 

The cells were aged using the same type of halogen 
lamps as in the solar simulator. These halogen lamps 

measurements. The cells were removed from the 

measurements typically once a week.
 The electrolyte color was quantitatively 
tracked with a camera system followed by image 

passport was used to set the white balance for each 
measurement time. The color palette in the passport 

attached to the images and the format was changed 

and plotted with MatLab®. The pictures were taken 

covered from all sides with blackout canvas. The cells 
were illuminated by four LED lights equipped with 

was approximately the same for each of the weekly 
measurements.

LC-MS measurements

measurements. The dye was extracted and the results 
analyzed from the cells according to a previously 

rinsed from the cells using the electrolyte solvent 
acetonitrile. A total of nine cells were analyzed: two 
that contained iodine electrolyte and had not been 

that contained cobalt electrolyte and had not been 
that contained cobalt 

III. RESULTS AND DISCUSSION



NANO ENERGY SYSTEMS 32

we start the investigation with the changes of the basic 
photovoltaic characteristics by looking at the average 

meant leaving excess area around the cells to observe 
the changes in the electrolyte color – this geometry 

during aging shows that there is some oscillation in 

measurements during which the cells are mostly 

and this appears to regenerate for instance VOC by 
ISC 

ISC remained constant for all 

ISC decreased soon after the stabilization in the 

cells.

SC and 

ISC
2]

VOC
[mV]

FF
[%]

R
[%]

Cobalt
-

performance components show variation: in particular 
FF

current density (ISC

FF to decrease 

the main causes for degradation. To investigate the 
resistances contributing to the total cell resistance 
Rcell FF
were performed under illumination at VOC. From 

internal resistances change during aging. A Nyquist 
plot showing the typical initial response for both cell 

SC
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illumination whereas the counter electrode catalyst 
are displayed in a bar plot showing the average and 

S D

CE is the charge transfer resistance at the electrolyte-counter electrode interface. A dramatic increase of RD 
and RCE

degraded to get reliable data.

 
RS remained approximately constant during aging 

some variation initially that remained approximately 

change to RS during the aging.

resistance (RD
counter electrode interface (RCE

it can be seen that both RCE and RD multiplied by an 

RCE and RD had 

 The increase of RD directly points to degradation 

reason for the change is the decreased concentration 
of the redox mediator in the electrolyte (other factors 

RD
Thus the loss of charge carriers could be evaluated 
based on RD

than halved.
 RCE

at this interface can be caused by either one or both 

likely that the same reason increasing RD
RCE as 

well.

reactions that decrease the amount of the redox 
mediator are more prevalent in cobalt electrolytes 
than in iodine electrolytes. Alternatively it is also 
possible that 

transfer. Also RD is notably already higher in cobalt 

mediator as iodine – this result is already known from 
previous literature and to be expected since cobalt 
complexes are physically bigger and their motion is 
therefore more sluggish.

the possible causes of the degradation – losses 
are most likely related to decreased charge carrier 

To get to the most interesting part of predicting the 

closely at the loss of charge carriers.

internal resistance of the cells suggested that there 
are losses in the charge carrier concentration. 
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leading us to investigate possible degradation of the 
photoelectrode as well.

ISC
Sun light intensity after aging in all the cells except 

of short circuit current as a function of light intensity 
ISC

intensity and therefore the spectral photocurrent 
ISC 

study the photocurrent generation characteristics 
of the samples at conditions where ISC is not limited 

charger carrier thereof. This way other factors (light 

this is the initial measurements were performed 
before the cells had stabilized and reached their 
maximum performance. This stabilization can also 

as the increase of ISC

degraded the least after the improvements during the 

changes to the dye to investigate this hypothesis 

since the above-mentioned percentages indicate but 
it is not large enough to dominate the degradation.

photocurrent can 

the respective ISC

cells fall on the same line with the linear extrapolation 

charge carrier concentration was high enough that it 
ISC measurements 

cobalt cells predict much higher ISC
the measured ISC ISC of cobalt cells 

ISC

from a loss of charge carriers to the degree that it 

ISC
determine if the photocurrent is limited by the limiting 

ISC was measured as a function of the incident 
light intensity. The limiting current is the highest 
current that the cell can reach. A decrease in the limiting 
current typically indicates a loss of at least one of the 

in the amount of ions in the electrolyte slows down the 
rate at which electrons can be transported through 
the electrolyte. The reduction of charge carriers is also 
relevant to the resistances RD and RCE

of ISC remains linear for the whole measured intensity 

the photocurrent remains approximately constant 

indicates that their ISC
ISC is similar in 

ISC other than the loss of charge carriers in the 

 A log-log plot of short circuit current density as a 
function of the light intensity 

SC stops increasing 

amount of charge carriers.

ISC values 

of reaching the limiting current. Thus ISC values of the 

one order of magnitude lower than initially. ISC of the 

match even in the lowest measured light intensities. 
Therefore some additional degradation mechanisms 
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 Short-circuit current density (the same data used 

SC should have such linear 

SC is limited by the limiting current.

To investigate if there were changes to the dyed TiO

other type of degradation in addition to the loss of 
charge carriers. Dye extracts from cells containing 
either cobalt or iodine electrolyte were analyzed by 

. 

with isotope patterns corresponding to ruthenium 
containing compounds were found in some of the 
cells.

this ruthenium-containing degradation product was 

but was present in all cells containing the cobalt 
electrolyte. This degradation product was not found 
in any of the cells containing iodine electrolyte.

 
extracted from a cell containing cobalt electrolyte that had 

.

wavelengths when the cell is illuminated from the PE 

collection of electrons generated by the low energy 
photons that penetrate deeper into the PE layer. The 

the recombination at the photoelectrode/electrolyte 

which is understandable since the recombination is 
often a prominent loss mechanism in the initial state 

is most likely caused by the electrolyte becoming more 
transparent at this wavelength region due to the loss 
of charge carriers.

 

cobalt cells. The normalization was according to the local 

the data presenting the aged cells is overlapping. During the 

the cells and therefore in the cases where there are losses 

SC

function of photoelectrode as such. The normalized data 
indicates that the cells utilize the high wavelengths (above 

than initially.
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margin and with an isotope pattern corresponding to 
that of the elementary composition of the proposed 
structure.

the extraction solution and was thus present in extracts 

pattern corresponding to that of the elementary 
composition of the proposed structure. Additionally 

MS shows that the compound contains ruthenium. 
Thus it appears that the formation of this compound 
is enhanced by the presence of a cobalt electrolyte 

since it is formed both in cobalt and iodine cells that 

solvent and some of the dye extracts were analyzed 
immediately after preparation as well as hours 
and days later. These analyses showed that three 

of these degradation products had isotope patterns 
corresponding to ruthenium containing compounds. As 

changes were not the main cause of degradation as the 

The majority of aging has been related to losses in 
the charge carriers during the aging process. These 
can be monitored via image processing since the 

the charge carriers. The aim is to determine the rate 
of degradation for the electrolytes and based on that 
to estimate future lifetime for the cells. For the cobalt 

changes they might go through during degradation. 
Here we look into making correlations between the 

color and the amount of charge carriers also for the 
cobalt electrolyte.

 
normalization was done 

by deducting the initial blue pixel value of the measured 
blue pixel value of each cell. This allows us to present 
the trends in color change of the individual cells and look 

due to a large air bubble leaving too little area for reliable 
analysis and another because the photographs of the cell 
were too shadowed.

 Most of the color changes during aging took 
place in the blue pixel value of the electrolyte as 

amount of desorbed dye was so small that it would 

 The color of the cobalt electrolyte evolved 

particular as the color of the cobalt electrolyte was 
close to the background. The aging of cobalt cells 

electrolyte than the aging of iodine cells because 
the electrolyte got darker in the aging and hence the 
blue pixel values of the cobalt electrolyte decreased 

blue values was fairly linear in both of the cobalt 
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 Mean slopes of the blue pixel values of the image 
processing results with standard deviations. The bigger the 

electrolyte is.

 Aging causes chemical reactions in the 

degradation processes: the degradation reaction 
in iodine electrolytes bleaches the electrolyte by 

colorless. The degradation reaction products in cobalt 
electrolyte seem to be darker in color than the original 

of the electrolyte during aging.

value shown in Figure 8 mean in regards to the loss 

value and the amount of tri-iodide in the electrolyte 
 mol/dm  tri-iodide per blue 

calculated as the multiple of that correlation value and 
the rate of degradation of the blue pixel value (in Figure 

the cell performance starts to decrease. After that 
the photocurrent is limited by the limiting current 
directly proportional to the amount of limiting charge 

dead after charge carrier concentration goes to zero 
since photocurrent goes to zero simultaneously (full 

The conventional approach to lifetime analysis is to 

gives binary YES/NO answer on whether or not the 

more about the lifetime of the cells. The estimated 

that the limiting current may be causing losses in ISC at 

loss rates correspond to our previous studies with 
varying initial iodine concentrations (shown in grey 

the method.
 Figure 8 shows that the application of the 

very well since the limiting current should still be well 
above ISC

indicative information on possible future lifetime 

limitations.

of the cobalt cells was darker compared to the 
original charge carrier. This complicates relating the 
electrolyte color and charge carrier concentration (cf. 
degraded iodine turns colorless so correlation can be 

 Hence we propose another method to 
estimate the degradation rates in case of cobalt 

predominantly because of loss of charge carriers: 
measured ISC

largest color change correlates with the complete 

but it gives the upper limit for the rate of degradation. 

loss rate of charge carriers would be only half of the 

they could be regarded as more stable than the 
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appears evident that other factors contribute to the 

study.

 The estimated decrease of the limiting charge 
carrier concentration as a function of 

during which the cells have been taken for external 

are from this study and the grey series are from literature: 

earlier stage.

therefore relate to the low initial concentration of 

the point in which ISC

cells.
 The easiest method to increase the stability of 
the cobalt cells would therefore be to simply increase 
the initial concentration of charge carriers in cobalt 
electrolyte – it is known that by increasing charge carrier 

if we extend the initial concentration of cobalt charge 

leakage from the photoelectrode to the electrolyte. 
This kind of information is not solid proof of such long 

the most fruit.
  Previously the lifetime predictions 
of dye solar cells have been merely an extrapolation 

carrier concentration by its nature begins to degrade 
the photocurrent only after a certain limit has been 

getting closer to a better quality lifetime estimations. 

looking at that would get the lifetimes right. On the 

estimations based merely on photographs of the cells 

can result in such good correlation with the measured 

Therefore cell photographing could be used in the 
evaluation the electrical performance of the cells and 
furthermore predicting the future lifetime.

 compared to the lifetime estimations 

concentration with 
color analysis we can estimate future lifetimes.

to degrade
Lifetime until full degrad-ation
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actually measured lifetime of the iodine cells without 

loss is the main degradation mechanism of the cell 

for the whole lifetime. Though the degradation 

that having photographs of light soaking tested dye 

at least in terms of charge carrier degradation. 
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IV. CONCLUSIONS

 The focus of this study was to investigate how 
much information can be harvested from a 

the electrolyte as the main focus of investigation since 
it is one of the most sensitive components regarding 

stress factor because it is one of the most detrimental 

at how much information we can harvest regarding 

say anything about the future performance – as most 

h.

the losses in the charge carrier concentration. The 
biggest losses were seen in the cobalt complex cells 

the counter electrode/ electrolyte interface resulting 

 The color analysis of the electrolyte was 
instrumental in identifying the degradation rates of 

that the degradation rate of the charge carriers in the 
cobalt cells was only about half of the corresponding 
iodine cells. This shows that the cobalt redox pair was 
actually more stable than the iodine redox pair. The 

end of the experiment was apparently because they 
had initially larger excess of redox pair compared to 
what was required to sustain the initial ISC. This caused 
the performance of cobalt cells to start degrading 

electrolyte was slower than that of iodine electrolyte. 
Therefore instead of developing a more stable cobalt 

actually easier to develop a better blocking layer on 
the TiO  / electrolyte interface and merely increase the 
charge carrier concentration to reach longer lifetimes. 
The novelty of this work is that we can give quantitative 
estimations on how much longer lifetime could be 
reached if the blocking layer was improved.
 The degradation rate of the charge carriers 

color analysis based lifetime estimation as well as the 
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as a function of time for 

The bars with the light colors refer to the cells protected 

the measurement and therefore it is important to focus on 
bleaching of the yellow 

color of the electrolyte.

 
deviation as a function of time for 

correspondingly. The bars with the light colors refer to the 

constant throughout the measurement and therefore the 

electrolyte getting darker during the aging process.
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