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Abstract

The effect of repeated temperature variations on the performance of both fresh and aged dye-sensitized solar cells with liquid and semi-
solid electrolytes has been studied. The cell performance was characterized with IV-curves obtained at different cell operating
temperatures and electrochemical impedance spectroscopy measurements before and after the temperature treatments. Consecutive
temperature rampings of the aged cells did regenerate the cell function, so that the total efficiency drop over the observation period was
on average 18% /unit less for the temperature-treated cells than for reference cells aged at constant temperature.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The dye-sensitized, nanostructured titanium dioxide
solar cell (DSC) was first introduced in the early 1990’s
[1] and its low-cost materials, simple manufacturing
methods and potential for high-throughput industrial mass
production have gained remarkable worldwide research
interest since then. Considerable progress has been made
both in the cell efficiencies [2-4] and identification and
development of new cell materials and manufacturing
techniques. However, a lot of issues considering the long-
term stability of the cells, which need to be clarified prior to
commercial breakthrough of the technology, remain still
open. Further analysis on the response of the cells to
varying physical conditions during their aging, for exam-
ple, temperature or air humidity, would also help to
identify what kind of factors define and limit the cell
performance in real-life end-user applications.

Depending on the operating environment of the DSCs
(indoor/outdoor applications, placement of the modules
and geographical location), their temperature can vary
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from subzero values to near 100°C [5,6]. As the cell’s
operation is based on repetitive chemical reaction cycles
characterized by rate-determining kinetic constants, cata-
lytic activity and charge transfer in various materials,
temperature is likely to play a noticeable role on the cell’s
performance.

Compared to the other aspects in improving the DSC
technology, the combined effect of temperature variations
and aging to the cell behavior has been studied relatively
little so far. For example, Petterson et al. [7,8] have studied
the effect of operational conditions (illumination intensity,
air humidity, temperature, short- or open-circuit opera-
tion) on the long-term stability of encapsulated DSC
modules aimed for indoor applications. Their results
showed that storage at temperatures under 50°C does
not affect the module performance but at higher tempera-
tures cell degradation occurs mostly due to reduced open-
circuit voltage. Sebastian et al. [9] have also reported
similar temperature behavior for DSCs. Sommeling et al.
[10] and Sastrawan et al. [11] have performed accelerated
aging tests for DSCs, showing that even if storage at high
(85°C) temperatures results in decreased cell performance,
the effect is partially reversible when the temperature
is lowered again and the cells subjected to illumination.
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On the other hand, constant heating at 85°C combined
with full sun illumination leads to serious cell degradation
[10]. Accelerated aging tests conducted by Hinsch et al. [12]
indicate that thermal stress is one of the most critical
factors affecting the long-term stability of the cells. They
propose that cell degradation caused by aging in elevated
temperatures (=60 °C) is very likely due to temperature-
induced chemical changes in the electrolyte and that cell
stability is strongly dependent e.g. on the chemical
composition of the electrolyte and (water and oxygen)
impermeability of the cell sealing material. Kern et al. [13]
and Wang et al. [14] have used electrochemical impedance
spectroscopy (EIS) to identify the internal cell processes
responsible for the performance deterioration, and degra-
dation mechanisms of the DSCs have also been studied by
Macht et al. [15] and Junghénel et al. [16], though not
directly as a function of temperature. Several factors were
identified in Ref. [15], including the chemical instability of
the electrolyte which manifested itself as loss of iodine (I3),
a process triggered by water penetration into the cell and
apparently favored by higher temperatures whereas in
Ref.[16] the chemical bonding of the dye to the photoelec-
trode material appeared to be the most critical factor
determining the long-term stability of the cells.

Snaith et al. [17] have investigated the dependence of the
open-circuit voltage on light intensity, temperature and
device thickness of solid-state DSCs, whereas Berginc et al.
[18] have studied how the performance of DSCs filled with
ionic liquid electrolyte is affected by the cell temperature,
irradiance and iodine concentration in the electrolyte.
Temperature dependence of various physical parameters of
the cells, e.g. the electron quasi-Fermi level [19], electron
diffusion coefficient [20], electron transport time [21] and
conduction and mobility of the electrons in the nanos-
tructured TiO, [22] has also been addressed but not directly
related to cell aging.

Degradation of the dye has been discussed e.g. in a
review article by Tributsch [23] and by Griinwald et al. [24].
Greijer-Agrell et al. [25] have also showed that the chemical
stability of the dye is strongly affected by temperature
(detectable chemical changes start to occur when the cells
are subjected to temperatures of 125-200°C). More
advanced dye materials can, however, improve the
temperature (and long-term) stability of the cells, as has
been demonstrated by Wang et al. [26,27].

Temperature is likely to affect the kinetic rate constants
of the DSC reactions (e.g. recombination, dye adsorption/
desorption and catalytic reduction of tri-iodide on the
counter electrode) and ionic mobility, diffusion and
conductivity in the electrolyte as well [28].

The objective of this research was to investigate how
repeated temperature variations affect the performance of
both fresh and aged dye solar cells filled with liquid or
semi-solid iodine electrolyte and prepared from as-
received, non-purified starting materials resembling clean-
ness levels typical of hypothetical industrial conditions.
This viewpoint is valid considering upscaling of the cell

manufacturing from clean laboratory conditions to in-
dustrial production facilities such as sheet steel production
lines, where laboratory-type purity standards are not
necessarily met. For example, stainless steel is a potential
low-cost and flexible substrate material for the DSC, and
coating the cell directly onto metallic building materials as
a part of their manufacturing process has already gained
commercial interest [29-33].

For performance characterization, the cell operating
temperature was varied in ramps 20—40—70—40—-20°C
and /V-curves were measured in all aforementioned tempera-
tures for fresh, 10-12 days aged and ca. one month (29 days)
aged cells. To complement the IV-curve data and to gain
more detailed information about the electrical behavior of
the cell components, EIS measurements were also employed
before and after every temperature ramping. Temperature
increase might have a regenerative effect on the performance
of aged cells, especially those filled with semi-solid electrolytes
[34] which was also verified in this study.

The consecutive temperature rampings during aging
slowed down the decrease of the cell efficiencies, which was
caused mostly by degradation of the short-circuit current
as a function of time. However, the currents were partly
regenerated in every temperature treatment, which resulted
in a lower overall degradation rate in the cell performance.
On average, the ratio of the 1-month-aged and tempera-
ture-treated cell efficiency to the efficiency of the fresh cells
was 18% /unit higher than the same ratio obtained with the
reference cells aged at constant (room) temperature in
the dark. EIS measurements also showed that after the
temperature ramping, charge-transfer resistance on
the counterelectrode—electrolyte interface was lower and
the electron lifetimes in the TiO, film longer than before
that, both in fresh and aged cells. Thus it can be deduced
that the temperature treatment had a refreshing effect on
the cell function; not permanent, but it still indicates that
instead of having a detrimental effect on the long-term
performance of the cells, repeatedly and regularly varying
temperature is more likely to be beneficial to it. In general,
the best performance was obtained at 40°C and the
temperature behavior was very similar for all cell types.

2. Experimental
2.1. Photoelectrodes

TiO, photoelectrodes were prepared both on FTO glass
(Pilkington TEC-15, thickness 2.5mm, sheet resistance
15Q/sq., supplied by Hartford Glass Company, Inc.) and
ITO-PET plastic (NV-CT-CH-1S-M-7, thickness ca.
0.2mm, sheet resistance 60Q/sq., supplied by Bekaert
Specialty Films, Inc.) substrates. Before use, the substrates
were cut to 16 mm x 20 mm pieces and washed first with
water and mild detergent, after which the cleaning was
finished in an ultrasonic bath 3 min first in ethanol and then
in acetone. TiO, was distributed through a 4 mm x 8 mm
rectangular mask made of 60 pm thick Scotch tape with a
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doctor-blading method using either commercial TiO, paste
(Sustainable Technologies International) or 20wt% ethanol
suspension of TiO, nanoparticles (P25, Degussa) as the
precursor. On ITO-PET, only the latter was used due to the
post-treatment temperature limitations of the plastic. Two
layers of TiO, precursors were spread and in the case of P25
suspension, mild compression (125-250kg/cm?) in a hy-
draulic press was applied on every layer to improve the
interparticle adherence and contact to the substrate.
Electrodes made of the commercial paste were dried on a
hot plate at 100 °C before the second layer was spread and
finally, all glass photoelectrodes were sintered in an oven at
500°C for 30min. For plastic photoelectrodes, only
compression was used as the post-treatment. An electronic
film thickness measurement device (Heidenhain Digitaler
Messtaster MT12; resolution 0.1 pm) was used to determine
the thickness of the TiO, films which was ca. 10 pm for all
electrodes. Finally, the electrodes were sensitized by soaking
them overnight in 0.32 mM absolute ethanol solution of the
N-719 dye (cis-bis(isothiocyanato)bis(2,2'-bipyridyl-4,4’-di-
carboxylato)-ruthenium(II) bis-tetrabutylammonium, So-
laronix SA). After the sensitization, the electrode films
were rinsed with and stored in absolute ethanol.

2.2. Electrolytes

Two types of electrolytes were used: liquid electrolyte
which consisted of 0.5M Lil, 0.05M I, and 0.5M 4-tert-
butylpyridine (TBP) in 3-methoxypropionitrile (MePRN)
and semisolid electrolyte made of the former by gelatinizing
it with Swt% of PVDF-HFP (polyvinylidenefluoride—hexa-
fluoropropylene), a method described in the literature [26].

2.3. Counterelectrodes

Platinized glass counterelectrodes (16 mm x 20 mm, Pilk-
ington TEC-15) were employed in all cells. Platinization
was done with the standard thermal method, as described
previously [32].
2.4. Cell assembly

The electrodes were sealed together on a hot plate
(100 °C) using 50 um thick Surlyn® 1702 film as a spacer

and sealant, after which the electrolyte was filled into the
cells through small holes drilled on the counterelectrode
substrates. Holes were blocked with a thin slice of a
microscope cover glass and a Surlyn® film and finally,
current collector contacts made of aluminum tape and
conducting silver paint applied on the edges of the
electrodes. Table 1 summarizes the cell types prepared for
this study.

2.5. Measurements

IV-curve measurements were performed with a custom-
built solar simulator consisting of ten 150 W halogen lamps
as the radiation source, a temperature-controlled measure-
ment plate, and a calibrated monocrystalline silicon
reference cell with which the lamps could be adjusted to
provide the standard light intensity of 100 mW/cm?. The
spectral mismatch factor of the simulator, defined with
the reference cell and the measured spectral irradiance of
the halogen lamps [35,36] was used to make the curves
correspond with the standard AM1.5G equivalent illumi-
nation. IV-curves were measured first at 20 °C, then at 40
and 70°C after which the temperature was lowered and
curves obtained again at 40 and 20 °C. For fresh cells, only
the upward sweep of the temperature ramp (20—40—
70 °C) was used. Due to the varying room temperature, air
circulation and the nature of the temperature control
system (Peltier elements) the accuracy of the temperatures
was ca. +2°C. A few cells of each series were chosen as
reference cells which were let to age at constant (room)
temperature in the dark. Both /V-curves and EIS spectra of
the reference cells were measured on the same days as the
temperature-treated cells. Before measurements, cells were
let to stabilize at a given temperature for ca. 10 min. EIS
spectra were recorded with Zahner Elektrik’s IM6 Im-
pedance Measurement Unit operated with Thales software
using a red LED (wavelength 640nm) as the radiation
source. The spectra were obtained with 10mV voltage
amplitude in the 100 mHz-100kHz frequency range at
open-circuit voltage, at room temperature (22-24°C)
before and after the temperature ramp measurements in
the solar simulator. To provide repeatable measurement
conditions, the LED and the cells were placed in a
darkened box to block out external light. ZPlot/ZView™

Table 1

Cell types

Cell type PE substrate TiO,-precursor Electrolyte CE
G-STI-L Glass Commercial titania paste Liquid Pt glass
G-STI-G Glass Commercial titania paste Gel Pt glass
G-P25-L Glass TiO,-nanoparticle-ethanol suspension Liquid Pt glass
G-P25-G Glass TiO,-nanoparticle-ethanol suspension Gel Pt glass
P-P25-L Plastic TiO,-nanoparticle-ethanol suspension Liquid Pt glass
P-P25-G Plastic TiO,-nanoparticle-ethanol suspension Gel Pt glass

PE, photoelectrode; CE, counterelectrode.
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Fig. 1. Equivalent circuit used for the EIS spectra fits. R = series
resistance of the cell; R, = photoelectrode resistance (electron diffusion in
the TiO, film and recombination on the TiO,-dye-electrolyte interface);
CPE,,. = constant phase element describing the Helmholz layer capaci-
tance on the TiO, film surface; R. = charge-transfer resistance on the
counterelectrode—electrolyte interface; CPE . = constant phase element
describing the counterelectrode capacitance; W = Warburg element
associated with the diffusion in the electrolyte. Constant phase elements
were used instead of pure capacitances because they describe better a
realistic, uneven and inhomogenous electrode surface [37].

software from Scribner, Inc. was used for equivalent circuit
fits of the EIS spectra. Fig. 1 describes the model circuit
used in the fits. All measurements described above were
performed for fresh, 10—12 days and ca. 1-month (29 days)-
aged cells. Between the measurements, the cells were stored
in the dark and at room temperature to provide controlled
aging conditions.

3. Results and discussion
3.1. Differences between the cell types

Neither aging, nor temperature behavior or the regen-
erative effects caused by the temperature treatments varied
much between the cell types. P25-ethanol suspension gave
slightly better cell efficiencies than the commercial titania
paste, whereas gel electrolyte resulted in lower cell
performance (than liquid) which is easily explained with
the gel’s poorer penetration into the pores of the TiO,
layer. The lowest performances (<1% efficiencies) were
obtained with the plastic photoelectrode cells. This
indicates poor interparticle connections and adhesion to
the substrate, which is why the results concerning these cell
types are not discussed further in this paper. For future
reference, another TiO, deposition method than doctor
blading should be selected for plastic.

3.2. IV-curves

3.2.1. The effect of temperature on fresh cells

Table 2 presents the operating parameters and Fig. 2
examples of the IV-curves of fresh cells measured at
different temperatures. Increasing the temperature from 20
to 40 °C resulted in a slight gain in short-circuit currents
(I,.) and a small drop in open-circuit voltages (V) for all
cell types. When the temperature was raised further to
70 °C, a radical decrease was noticed both in /. and V..
Fill factors (FF), on the other hand, were higher at
increased temperatures due to the slopes of the IV-curves

Table 2
Average cell parameters (four cells per type) at different temperatures,
measured right after cell preparation

Cell type Temperature (°C) I, (mAjem?) Voo (V) FF (%) 1 (%)
G-STI-L 20 12.1 0.62 54 4.0
40 12.5 0.60 59 44
70 10.8 0.54 61 3.6
G-STI-G 20 8.6 0.59 60 3.0
40 8.8 0.57 62 3.1
70 7.1 0.51 63 2.3
G-P25-L 20 11.6 0.65 59 44
40 11.5 0.62 61 44
70 10.1 0.56 62 3.5
G-P25-G 20 10.5 0.59 55 34
40 10.6 0.57 58 3.5
70 9.3 0.51 60 29

Standard deviations of the independent results are not listed in the table,
but their values fell in the range +0.01V for Vo, +0.3-1.0mA/cm? for
I, +1-3% for FF and +0-0.3% for #.

becoming steeper around the open circuit voltage. The
total cell resistance (R;) contributes to the reciprocal slope
of the IV-curve around V., and even if the values of the
individual components of R, (e.g. photoelectrode resis-
tance, charge-transfer resistance on the counter electrode,
solution resistance of the electrolyte and sheet resistance of
the substrates) cannot be obtained from the IV data alone
it can be assumed that the temperature increase has a
reducing effect at least on some of them, for example, the
charge- transfer resistance on the counterelectrode, which
is related to the activity of the Pt catalyst on it. Energy
conversion efficiencies () were generally the highest at
40 °C, due to the gains in I and FF.

The slight increase in the I at 40 °C could be explained
with more efficient electron diffusion in the TiO, film.
According to the trapping/detrapping model for the
electron transport in the nanocrystalline TiO,, Peter et al.
[20] have shown that the apparent electron diffusion
coefficient increases with temperature as more clectrons
are released from trap states to the conduction band. On
the other hand, the rate constant for the recombination
reaction for the conduction band electrons with the I3 in
the electrolyte also increases with temperature [19]. This
has a tendency to decrease both I and V., but this effect
did not seem to be dominant yet at 40°C, because the
general behavior of the I, was the opposite. Thus it can be
assumed that if the temperature increase is modest, the
more efficient diffusion of the electrons in the TiO, may
compensate the higher recombination rate.

Temperature-induced changes in the conduction band
electron density indicate linear decrease in the open circuit-
voltage with temperature [19,20]. This was held true with
good accuracy for the cells in this study; (dV,../dT)
averaged over all cell series being —1.65+0.1mV/K.
In addition to Ref.[19], Diirr et al. [38] have derived a
linear dependency for V. as a function of 7 as well, and
have also confirmed the direct relation between the
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Fig. 2. Examples of the IV-curves of the cell types G-P25-L (left) and G-P25-G (right) at different temperatures, measured with 100 mW/cm> AM1.5G

equivalent light intensity. Cell active area 0.32cm?.

recombination rate and the rate of the V. decrease with
temperature.

The lowest efficiencies for all cell types were recorded at
70°C, indicating more disadvantageous, most likely
activation-triggered effects starting to take place at the
higher temperatures. Even if increased recombination did
not seem to have a crucial effect on the cell operation yet at
40 °C, the situation might be different when the tempera-
ture is raised above that. Another possible explanation for
the radical drop both in I, and V. at 70°C could be
reversible re-adjustment of the chemical composition of the
TiO, surface, i.e. equilibrium between the dye, electrolyte
additives and impurities in it (reversibility of these effects is
discussed later in Section 3.2.2).

3.2.2. Aging behavior of the cells and the effect of
temperature treatment

The degradation in the cell performance as a function of
time appeared as reduced short-circuit current, whereas the
open-circuit voltage remained almost the same over the
observation period. However, temperature treatment led to
improvement in the aged cell performance (consistent e.g.
with Sommeling et al. [10]). Table 3 presents the average
parameters of fresh, 10-12 days and ca. 1-month-aged cells
before and after the temperature treatment, Fig. 3
examples of the /V-curves measured on days 10-12 and
Fig. 4 the cell efficiencies as a function of time.

Some possible reasons for the decrease in the I over
time are dye degradation (caused e.g. by impurities such as
water in the electrolyte) or desorption [14], dissolution of
platinum from the counter electrode [39,40] and changes in
the TiO, film structure and/or in the electrolyte. If
platinum is detached from the counterelectrode, it could
diffuse to the photoelectrode and act there as a recombina-
tion center. This would show as increased R, on the
counterelectrode and also as reduced V.. Indeed, a slight
decline can be observed in the V. as a function of time,
especially for the reference cells (charge-transfer properties
on the counterelectrode are discussed in more detail in
Section 3.3.3). However, as other causes than platinum
attachment on the TiO, can also increase recombination

over time, the platinum dissolution from the counter-
electrode needs to be verified separately. The V. of the
aged cells was, in any case, more sensitive to temperature
increase than the V. of the fresh cells. The (dV,./dT) were
—1.83+0.2mV/K for the 10-12-days-aged cells and
—1.954+0.1mV/K for the 29-days-aged cells which, if the
charge generation rate remained constant, would indicate
increasing recombination with time [19,38]. In general,
platinum dissolution as well as dye desorption are
irreversible effects, and if these happened on a large scale,
no regeneration in the cell performance can be achieved
even with the temperature treatment.

Disadvantageous changes in the TiO, film structure
include loosening of the interparticle connections or the
contact between the film and the substrate (unlikely for the
sintered films, though), which would increase the overall
resistance of the cell. Electrolyte leakage or evaporation
has caused cell deterioration in some cases, [15] but the
sealing method used in this study eliminates this problem.

Unwanted side reactions in the electrolyte or reactions of
the electrolyte species and/or TiO, with possible impurities
present in the cell (water, oxygen) can also lower the cell
performance over time. In this study, the most probable
explanation for the deteriorating short-circuit currents and
efficiencies are indeed impurities in the electrolyte (and
possible dye degradation caused by them). As all chemicals
were of non-ultrapure quality, used as-received and stored
in normal room conditions instead of oxygen, and water
vapor-free atmosphere, the purity of the electrolyte was
probably lower than if careful pretreatment such as
distillation or re-crystallization of its ingredients had been
performed. For example, Lil is hygroscopic and water
molecules can be transported into the cell with it, especially
if the electrolyte is prepared during high relative humidity.

As can be seen from Table 3, the refreshing effect caused
by the temperature treatment on aged cells was mostly due
to increased short-circuit current. During the downward
sweep of the ramp, when the temperature was lowered
from 70 °C, the current set on higher levels at 40 and 20 °C
than what it had reached during the upward sweep, despite
its radical drop at 70 °C. In most cases this resulted in still
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Table 3
Average performance parameters of fresh, aged and reference cells on different measurement days (four temperature treated and four reference cells per
type)
Cell type Day # Before/after temperature treatment I (mA/cm?) Voe (V) FF (%) n (%)
G-STI-L 1 Before 12.1 0.62 54 4.0
After - - - -
Reference 12.2 0.62 57 4.3
12 Before 8.3 0.60 44 2.2
After 12.0 0.62 44 3.3
Reference 9.1 0.61 38 2.1
29 Before 9.7 0.61 47 2.8
After 11.1 0.63 48 3.3
Reference 7.9 0.60 43 2.0
G-STI-G 1 Before 8.6 0.59 60 3.0
After - - - -
Reference 10.3 0.58 58 34
12 Before 6.8 0.58 62 2.4
After 7.8 0.60 62 2.9
Reference 7.2 0.57 60 2.5
29 Before 5.9 0.59 62 2.2
After 6.7 0.61 63 2.6
Reference 6.5 0.57 61 2.3
G-P25-L 1 Before 11.6 0.65 59 44
After - - - -
Reference 11.8 0.64 56 4.2
10 Before 9.4 0.64 60 3.6
After 10.4 0.67 60 4.1
Reference 9.8 0.62 56 33
29 Before 7.8 0.65 60 3.0
After 8.5 0.67 61 34
Reference 7.8 0.62 57 2.8
G-P25-G 1 Before 10.5 0.59 55 34
After - - - -
Reference 10.3 0.59 57 34
10 Before 8.7 0.59 56 2.9
After 9.9 0.60 57 3.3
Reference 8.1 0.58 58 2.7
29 Before 7.1 0.59 57 2.4
After 7.9 0.61 58 2.8
Reference 6.6 0.58 60 2.3
Standard deviations of independent results the same as in Table 2.
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Fig. 3. Examples of the IV-curves on days 10-12, before and after the temperature treatments for the cell types G-P25-L (left) and G-P25-G (right),

measured with 100 mW/cm? AM1.5G equivalent light intensity. Cell active area 0.32cm?.
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Fig. 4. The average cell efficiencies as a function of time, both temperature treated and reference cells. For temperature treated cells, efficiencies obtained

after the temperature rampings are presented (cf. Table 3).

Table 4
Cell efficiency ratios

Cell type /M, 2/, 112/11, temperature
temperature reference treated—i,/n1,
treated cells (%)  cells (%) reference cells

(%-unit)

G-STI-L 83 50 33

G-STI-G 87 77 10

G-P25-L 77 64 13

G-P25-G 82 68 14

n = initial cell efficiency, 7, = cell efficiency on day 29, after the last
temperature treatment.

higher I, on the next consecutive measurement day than
the level onto which the reference cell I, had decreased.
Slight improvement could be detected also in fill factors
and open-circuit voltages. In general, the regenerative
effect that the temperature ramping had on the short-
circuit currents made the average overall efficiency drop
over the observation period ca. 18%/unit smaller for the
temperature-treated cells, in comparison with the reference
cells. Table 4 presents the ratios of the original cell
efficiencies (1;) to those of the 29-days-aged cells (77»),
measured after the last temperature ramping. Correspond-
ing values for the reference cells are also listed.

In general, the results described above indicate the
temperature behavior of the cells is at least partly
controlled by reversible, activation-triggered physicochem-
ical processes. Exact identification of these processes and
their activation energies was beyond the scope of this
research, but based on the results and those obtained in
previous studies [8§—14] it can be claimed that the maximum
temperature for the satisfactory operation and long-term
stability of the conventional, liquid/semi-solid iodine
electrolyte DSC is in the range 50—60 °C.

In the future, the cell stability should be observed over a
longer time period, with shorter temperature ramping
intervals to mimic more closely the temperature variation
caused by natural lighting cycles and also for cells
aged under illumination similar to realistic operating
conditions.

3.3. EIS measurements

3.3.1. General trends in the EIS data

Three arcs in the Nyquist plots and two imaginary
impedance peaks in the Bode plots could be observed for
all cells (Figs. 5 and 6). The high-frequency peak (kHz
range) can be associated with the charge transfer on the
counterelectrode (R.—CPE.. in Fig. 1) and the middle
frequency peak (ca. 10Hz) with the photoelectrode
impedance, generally characterized by the transport
(diffusion) resistance of the electrons in the TiO, film,
recombination resistance of the electrons with the electro-
lyte species and the capacitance of the electrode (Rpe—
CPE,. in Fig. 1) [13,14,41]. R, and R, can be obtained
from the Nyquist plots as the diameters of the high and
middle frequency arcs, respectively, and the electron
lifetime in the TiO, film () can be approximated from
the frequency (f) of the photoelectrode’s imaginary
impedance peak’s minimum [13]:

1

Tel ~ 27'Cf
Because the impedance arcs of the photo- and counter-
electrode partially overlapped in the Nyquist plots in-
formation on the transport resistance could not be directly
extracted from the data. For this reason the photoelectrode
impedance was fitted with a lumped RC-circuit instead of a
transmission line model [41,42], in this paper.

The half visible arc in the low-frequency range of the
Nyquist plots is due to the diffusion in the electrolyte
[13,14,41]. For the cells in this study it was almost
completely masked by the photoelectrode impedance,
which is why it was left off the equivalent circuit fits as well.

(M

3.3.2. Photoelectrode impedance

For all cells, both temperature treated and reference
ones, R, increased with time. Recombination increased
also with time, deduced from the shorter electron lifetimes
in the aged TiO, films; consistent with the larger (dV,./dT)
measured with the aged cells and also with previously
published results [13,14]. For the fresh cells, the R,. were
slightly larger also after the temperature treatment
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Fig. 5. Typical Nyquist plots, fresh and 29-days-aged cells, before and after temperature treatments. Cell type G-P25-G. Continuous lines are the
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Fig. 6. Typical Bode plots, fresh and 29-days-aged cells, before and after
temperature treatments. Cell type G-P25-G. Continuous lines are the
respective fits.

(in agreement with Refs. [41,42], where increase with
temperature is predicted for the electron transport resis-
tance in the TiO, film), whereas for the aged cells the
behavior was generally the opposite. However, both for the
fresh and aged cells the electron lifetimes were longer after
the temperature treatments, to the extent that in some cases
the values obtained after the last temperature ramping on
day 29 were still on the same level or even larger than what
had been measured from the fresh cells before the first
ramping on day 1. This indicates that the temperature
treatment had a beneficial effect on the recombination
suppressing properties of the TiO,-dye-electrolyte inter-
face, i.e. the chemical composition of and equilibrium
between the adsorbents on the TiO, surface. For the
reference cells, only steady decrease in 7., with time was
observed.

The 7. can also be expressed as the time constant of the
RC-circuit describing the photoelectrode (or, the recombi-
nation time constant)

Tel = Rpe Cpe. 2)

Based on Eq. (2) increase in Cp, could result in larger .,
even if R, decreased. Indeed, the photoelectrode capaci-

tances were larger after every temperature ramping,
and when the 7, were calculated from these values using
Eq. (2) the result was their increase even in the case of
decreased Rp..

When making assumptions based on the Cp. values their
voltage dependence should also be noted. The changes in
the open-circuit voltages with time and temperature in this
study could affect the photoelectrode capacitances as well,
which is why the V,. values recorded during the EIS
measurements should also be used to make detailed
conclusions about the origins of the C,. changes. The
identification of the exact reason for the behavior of C.
with time and temperature was not the purpose of this
study, but changing chemical composition of the Helmholz
layer on the TiO, surface, i.e. concentrations of the
electrolyte additives (e.g. TBP) and/or possible electrolyte
impurities in it may induce shifts in the TiO, conduction
band energy level position and affect the capacitances
[41,42] (a reason that could partially explain also the
radical drop in the cell efficiencies at 70 °C, as discussed in
Section 3.2.1).

To exactly identify the temperature-induced changes in
the charge transport, the EIS spectra should be measured
as a function of temperature too. We have performed this
kind of measurement as well, both for fresh and aged
cells, and their results will be discussed in another paper
(in preparation).

3.3.3. Counterelectrode impedance

Because the same counterelectrode type was employed in
all cells, the behavior of R, was also similar for all cell
types. Charge-transfer resistance on the counter-electrode
increased with time, indicating deteriorating electrode
quality. However, temperature treatment refreshed the
counterelectrode performance, i.e. decreased its charge-
transfer resistance quite noticeably both for the fresh and
aged cells. These results, along with those obtained for the
Ry, are consistent with the /V-curve measurements, where
the slopes of the curves around the V,. became steeper in
higher temperatures, indicating smaller total resistance of
the cell. They also agree with [14], where 2 days of thermal
aging at 80 °C was noticed to improve the counterelectrode
performance (possibly due to activation of the Pt catalyst
layer or better contact between it and the electrolyte).
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Table 5
Typical values of Rpe, Ry and 7., before and after the temperature
treatments

Cell type  Day # Before/after Ry R 7. (Ms)
temperature (Qcm?) (Qcm?)
treatment

G-STI-L 1 Before 17.1 6.9 29
After 19.6 6.4 40
Reference 17.9 9.2 25

12 Before 20.9 10.3 25
After 18.8 9.0 32
Reference 20.5 11.7 18
29 Before 24.1 11.8 20
After 20.8 10.0 28
Reference 23.7 11.4 15

G-STI-G 1 Before 21.6 9.2 15
After 23.1 8.5 18
Reference 23.0 10.8 16

12 Before 32.3 15.7 8
After 29.2 11.7 11
Reference 31.2 16.6 10
29 Before 38.9 23.0 8
After 36.7 16.4 10
Reference 36.0 23.6 10

G-P25-L 1 Before 15.4 5.4 21
After 17.1 6.5 22
Reference 15.9 4.4 25

10 Before 19.8 10.9 17
After 20.7 9.3 23
Reference 17.8 7.2 20
29 Before 22.3 15.5 14
After 21.6 13.8 18
Reference 19.8 9.4 17

G-P25-G 1 Before 17.1 9.5 18
After 17.9 8.4 24
Reference 17.0 7.3 18

10 Before 19.5 14.5 15
After 17.7 10.9 20
Reference 20.1 9.9 12
29 Before 22.2 18.6 14
After 20.4 14.6 19
Reference 24.2 11.9 10

Reference cell values are also listed.

Because the EIS results in this study were obtained after
the cells had cooled down back to room temperature and
kept there for a few hours, the regenerating effect that the
temperature ramping had on the counterelectrode function
seems to have at least some permanence and very likely
plays a part in the observed slower overall deterioration
rate for the temperature-treated cells.

Figs. 5 and 6 present typical EIS behavior for fresh and
aged cells, and Table 5 lists some typical values of Ry,
R and 7, (calculated with Eq. (2)), before and after
the temperature treatment. Series resistances (in the

Nyquist plot the distance between zero and the smallest
value of the real impedance) fell in the range 10-13 Q for all
cells and they stayed almost constant over the observation
period.

4. Conclusions

We have studied the effects of temperature variations on
the performance of both fresh and aged dye-sensitized solar
cells filled with either liquid or semi-solid iodine electro-
lytes. Regenerative effect caused by consecutive tempera-
ture rampings on the aged cell performance has been
demonstrated. Temperature and aging behavior were very
similar for all cell types in this study, including best
performance at 40 °C, a radical drop both in I and V. at
70°C and the cell degradation with time being caused
mostly by the degenerating short-circuit current.

The efficiency drop at the highest temperatures was
reversible, indicating that the cell function is at least partly
controlled by activation-triggered physicochemical pro-
cesses. When the aged cells were subjected to temperature
ramping and, despite their low performance at 70 °C, the
currents set on higher levels during the downward sweep of
the ramp than what they had reached when the tempera-
ture was increased in its upward sweep, and compared with
the reference cells, they were on this higher level still on the
next consecutive measurement day. The electron lifetimes
in the TiO, film were also longer after the temperature
treatment, indicating the treatment had a beneficial effect
on the recombination-suppressing properties of the TiO»-
dye-electrolyte interface.

From the slopes of the IV-curves around the V. and
from the EIS measurements, it could be detected that
the temperature treatment lowered the total resistance of
the cells. Especially the charge-transfer resistance on the
counterelectrode stayed on this lower level even after the
cells had cooled down back to room temperature and were
kept there for a few hours.

Thus it can be summarized that the temperature
treatments had a refreshing effect on the cell function, to
the extent that the overall drop in the cell efficiencies over
the observation period was on average 18%/unit smaller
for the temperature-treated cells when compared with the
reference cells that were let to age in constant temperature.
From the EIS data and the behavior of (dV,./dT) as a
function of time, it could also be verified that increased
recombination and deteriorating counterelectrode quality
were some of the reasons for the degradation of the cell
performance over time. In general, based on the observa-
tions in this research and those obtained previously in
other studies, it can be said that the maximum temperature
for the satisfactory long-term operation of the DSCs is
around 50-60 °C, and that repeatedly and regularly varying
temperature is more likely beneficial to the aged cell
performance, taken that the cells are not subjected to
detrimentally high temperatures for very long periods of
time.
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