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Temperature Role in the Recombination Reaction on Dye-
Sensitized Solar Cells

J. Macaira®, I. Mesquita®, L. Andrade® and A. Mendes®

The performance of photovoltaic (PV) devices as a function of temperature is crucial for technical development and for
accurate commercial information. Along with solar irradiance, temperature is the most important operating factor of PV
devices performance. Normally it is wide accepted that dye sensitized solar cells (DSC) show minimal energy efficiency
dependence with temperature (20 °C — 60 °C). The energy efficiency in DSCs depends on light absorption, charge transport
(ohmic resistances) and recombination rates. In this work the recombination reaction kinetics is studied within a wide
temperature range. A unique laser assisted sealing technique that allows studying the temperature effect between -5 C
and 105 2C without electrolyte leakage or external contamination was used. To the best of our knowledge, this is the
highest operating temperature ever considered in kinetic studies of liquid state DSCs. The electrochemical reaction
between electrons and triiodide/iodide ions is shown to be the most important factor to determine the energy efficiency
of DSCs as a function of temperature. It was concluded that the activation energy of the recombination reactions depends
on the interface where it happens — TiO,/electrolyte and SnO,-F/electrolyte — and on the temperature. It was found that
besides temperature having a deep influence in the recombination reaction rate, the energy of the injecting electron is
also critical. These conclusions should provide solid ground for further developments in the DSCs and perovskite solar cell
fields, and allow a better comparison between the energy efficiency of different PV technologies for a range of operating

temperatures.

1. Introduction

Direct conversion of solar light into electricity is becoming a
winning strategy with photovoltaic (PV) electricity cost, already
below the grid in several countries'. However, high production
costs prevent the current PV solutions from standing out as a
real energy production alternative. Dye-sensitized solar cells
(DSCs) are an important type of thin-film photovoltaics due to
their potential for low-cost fabrication and versatile
applications and are already looked upon as a future
alternative to silicon PV  devices. The presumed
cost/effectiveness of DSCs makes them worth investing 24,
Regardless the countless efforts and enormous amount of
publications5 the maximum photo conversion efficiency (n) of
DSCs has been stagnated in the range of 12 % 8 over the last
ten years. The best conversion efficiency of a DSC device was
achieved using porphyrin-sensitizers coupled with cobalt (11/111)
based redox electrolyte under simulated air mass 1.5 global
sunlight (AM 1.5G) conditions (100 mW-cm'z)g. Recently, lead
halide perovkite absorber combined with a solid hole
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transporting material (HTM) have ramped up efficiencies from
14.1 % *° in 2013 to an impressive certified result of 20.1 % in
the early of 2015 1,12 Although DSCs and perovskite solar cells
(PSCs) meet the efficiency criteria for market implementation,
there is a striking lack of stability studies needed for
technology industrialization 1321

Alongside with solar irradiance, temperature is probably the
most important outdoor variable that affects the conversion
efficiency of PV devices. However, temperature studies on
DSCs are scarce and usually limited to temperatures up to 60
oc 2%, Moreover, the glass substrates normally used to
assemble DSCs are poor thermal conductors, resulting that real
temperature value are usually lower than anticipated by
typical temperature control setups; solar simulators irradiance
also increase the glass temperature (absorbance of ca. 20 %),
which makes it difficult to have a good control over the
temperature analysis. To the best knowledge of the authors,
all reported studies have not considered these effects and
should lack of accuracy making our knowledge on the
temperature effect on DSCs performance just qualitative.
Generally, conduction band shift of the TiO, film,
recombination and charges transport kinetics are in a DSC the
phenomena that have the greatest contribution for its
performance dependence on the temperature 22, 2628 Charge
recombination corresponds to the undesirable reaction of
generated electrons with electrolyte species, ultimately ruling
the final performance of DSCs. This reaction involves either
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free conduction band electrons or electrons trapped in lower
energy states
semiconductor (energetically localized in the bandgap) that
restrict the movement of electrons. They are caused either by
chemical impurities, morphological defects or imperfections in
the regular spacing of the atoms 3 The driving force for
recombination is related to the energy level where electrons

Electronic traps are sites within the

are located in the TiO, and temperature, both related to the
rate constant, k.(T), and the electron concentration 332 Ag
Voc changes, the Fermi level (E) in TiO, moves towards or
away from the conduction band edge (Ecg); when the Fermi
level moves up, the respective electron traps below are filled.
Taking this into consideration, it can be expected that the
activation energy (E,) of recombination is proportional to (Ecg-
EF)33. However, recombination processes do not take place
only at TiO,/electrolyte interface; they can occur by reaction of
electrolyte species with generated electrons that can be
located either in the TiO, photoelectrode or in the transparent
conductive oxide (TCO) — Figure 1. This information is well
in the DSC community, passivation
methodologies have been developed decrease
recombination >**°. The most successful strategies include the
use of blocking layers over the TCO film 37,38, 40'42; the use of
TiO, sols applied to the mesoporous TiO, layer 3, 4. and more
recently the use an encapsulation layer by atomic layer
deposition (ALD) of TiO, applied over the dyed semiconductor

known and several

to

¥ These approaches were developed to prevent
recombination by different mechanisms, and although proved
effective, studies that Ilink temperature effects with

recombination rates are rare.

Usually the recombination kinetics is well characterized by
impedance spectroscopy (EIS) and its
magnitude can be analysed by fitting the experimental data to
appropriate electrical analogues. .96 The electron lifetime (Te.
) can be extracted and thus the recombination rate constant

electrochemical

(k,.=1/t.) in the solar cell can be calculated. This powerful
analytical technique has proven invaluable during the DSC
technological development; unfortunately, per se, it does not
allow distinguishing different recombination reaction
pathways, i.e. at TiO, or SnO,-F interface — Figure 1b).

The present work aims understanding and quantifying the
recombination at TiO,/electrolyte and FTO/electrolyte
interfaces and their dependence with temperature. This
should provide valuable information for the development of
more efficient materials, solar cell architectures and to better
predict temperature influence on PV output of future
commercial applications. An experimental
developed that accurately controls the inner temperature of

setup was

DSC devices, allowing their characterization as a function of
the temperature. assisted glass sealing, reported
elsewhere *” 48, was used to make the solar cells hermetic,
even up to the boiling point of the electrolyte; the setup and
sealing process allows obtaining very accurate characterizing
results between set points of -5 2C and 105 2C. The
temperature in the
electrochemical kinetics of the solar cell were determined and

Laser

influence in /-V curves as well as

are discussed. It was
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Fig. 1 a) Schematic representation of the working principles at a dye sensitized solar
cell; and b) diagram of energy levels of each functional layer in the DSC. The full arrows
represent electron pathways through the device; the dashed arrows represent the
main loss reaction mechanisms due to recombination through TiO, or SnO,-F interfaces
(R1 and Ry, respectively). The actual energy levels may change upon assembling.

developed an experimental methodology that distinguishes
the recombination occurring at TiO,/interface from
recombination occurring at TCO (SnO,-F) interface; to do so
the exposed TCO area to electrolyte was progressively
increased to deliberately cause changes in the recombination
rate constant. This allows quantifying the temperature
both recombination pathways and its
solar operation and respective

influence for
implications

architecture design.

in cells

2. Materials and Methods

Laser sealed DSCs and half-cell fabrication

In the present work two types of devices were fabricated: DSCs
and half-cells — Figure 2 and Figure S1. DSCs are made of two
electrodes: the photo electrode (PE) and the counter electrode
(CE); the electrolyte in between contains the iodide/triiodide
redox pair. PE and CE are each applied on glass coated with a
transparent conducting oxide (TCO); the PE includes a
mesoporous TiO, film sensitized with a dye responsible for
light absorption. The CE consists of a nanometric platinum
layer applied on the TCO surface and responsible for catalysing
the reduction of triiodide to iodide. A half-cell configuration
consists of two identical TCO glasses coated with the relevant
material, separated the electrolyte. They mimic the
phenomena in a DSC allowing evaluating the CE and
electrolyte behaviours without the interference of the
sensitized porous TiO, layer; in the present work they are used
to study the electrochemical reaction of electrons with
electrolyte species over a specific interface. Half-cells made
with thin films of SnO,-F, Pt, and TiO, were assembled to study
the recombination reaction as a function of temperature. The
preparation of both devices (DSCs and half-cells) is described
as follows.

Photoelectrodes were prepared on 2.2 mm thick, 7 Q/a SnO,-F
(FTO) coated glass substrates from Solaronix®. First, the
glasses were washed sequentially with a detergent solution
(Alconox®, VWR) in an ultrasonic cleaner (Amsonic TTC) at 55
oC for 15 min, followed by ultrasonic cleaning in deionized
water at room temperature, rinsed with ethanol and dried

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Schematics of the manufactured DSC device (not in scale): 1 —
Photoelectrode glass; 2 — electrical contact; 3 — counter-electrode glass; 4 —
filling hole cover; 5 — drilled hole for temperature measurement, T,; 6 —filling
hole; 7 — drilled hole for temperature measurement, T;; 8 — TCO; 9 — platinum
catalyst; 10 — TiO, with adsorbed sensitizer; 11 — electrolyte; 12 — glass frit
sealing.

with air at 50 2C. Then, samples were coated with a porous
TiO, layer by screen-printing a commercial TiO, paste (Ti-
Nanoxide T/SP from Solaronix®), followed by drying at 100 C
for 5 minutes. To control the final thickness of the transparent
layer of TiO,, the screen-printing and drying procedures were
repeated as necessary to get the desired thickness (12 um-
thick photoelectrodes were obtained with three screen-
printing cycles). Samples were annealed at 475 2C for 15 min in
an infrared electrical oven (Nabertherm Gmbh model GF75).
After firing, the samples were treated with a 40 mM TiCl,
aqueous solution at 70 °C for 20 minutes, before being
sintered at 475 oC for 30 min. In cells where blocking layer is
required, a thin and compact layer of TiO, above the FTO layer
was applied immersing the FTO glasses in a 40 mM TiCl,
aqueous solution at 70 2C for 20 minutes; after washing with
water and ethanol, the samples were dried with a nitrogen
flow. The counter electrodes, prepared on the same type of
glass substrates and cleaned as described before, were drilled
previously with two holes of 1 mm diameter. A commercial
platinum based paste (Platisol T/SP from Solaronix®) was
applied on the glass substrate by screen-printing followed by
annealing at 400 2C for 15 minutes.

Both in DSCs and half cells devices, the two electrodes were
assembled and sealed using a laser assisted glass frit method
*’ To control the exposed SnO,-F area to electrolyte, the glass
frit-sealing perimeter was varied from 5 to 12 mm (see Figure
11), without changing the total distance to the electrical
contact; this way the electron lifetime can be controlled
without changing the series resistances. Dye adsorption in the
porous TiO, photoelectrode was obtained by recirculating a
dye solution (0.5 mM N719, 5 M chenodeoxycholic acid in
ethanol) for 12 hours using a peristaltic pump (Ismatec®, Reglo
Digital MS-4/8), followed by ethanol rinsing, nitrogen drying,
electrolyte filling (high stability iodolyte Z-150 from Solaronix®)
and hole sealing by a combination of thermoplastic sealant
(Surlyn®, Dupont) and high temperature resistant resin
(Pattex® Nural 22 from Henkel). Solder bus bars and electrical

This journal is © The Royal Society of Chemistry 20xx

wires were applied to the FTO surface of the photo and
counter-electrodes, respectively, using an ultrasonic soldering
unit (MBR electronics model USS-9210); the soldered bus bars
were protected by high temperature resistant resin to prevent
corrosion caused by the heat and moisture. The described
manufacture process produced devices resistant at least to
120 °C, without electrolyte leakage. The DSCs manufactured
have an energy efficiency between 5 % and 6 % (252C, 100
mW'cm"Z, 1.5 air mass filter) which is typical for devices
prepared with a non-volatile electrolyte (lodolyte Z150 —
Solaronix) based on methoxypropionitrile (MPN), known to
produced stable but less efficient devices than with
acetonitrile based electrolytes.

Experimental Setup

The experimental /-V characteristics were obtained in a setup
equipped with a 150 W xenon light source (Oriel class A solar
simulator, Newport, USA) with variable light intensity, from 10
to 100 mW-cm™ (0.1 to 1 sun light intensity), and using a 1.5
air mass filter (Newport, USA). The simulator was calibrated
using a single crystal Si photodiode (Newport, USA). The /-V
characteristics of the solar cell were obtained applying an
external potential load and measuring the generated
photocurrent using an AUTOLAB electrochemical station. This
station was also used to characterize the cells through EIS. The
frequency range for EIS measurements was from 100 kHz to
0.05 Hz with an AC modulation signal of 10 mV. EIS
measurements were carried out in dark and at the open circuit
potential measured at 252C (Vo 252C) for DSCs and at O V for
half-cells. The operation temperature of the solar cell was
controlled using an in-house made experimental setup, shown
in Figure 3 and Figure S2, based on a peltier device (Marlow
Industries, model RC12-6) connected to a Keithley DC power
supply (Model 2425C). A PID algorithm was run on a National
Instruments LabVIEW application. Four K-type thermocouples
were placed in different locations: in a drilled axial hole in the
photoelectrode glass (T;), in the counter electrode glass (T5,)
and at aluminum slabs connected to the cold and hot side (T3
and T,, respectively) of the thermo-electrical element (peltier
module). All heat transfer interfaces were filled with thermal
conducting paste to maximize the heat transfer. When a
potential difference is applied to the thermo-electrical
element (4), a temperature difference is created between both
sides (T3 and T,) of the peltier device.

By using a PID algorithm it is possible to accurately control
temperature at the DSC (T3). The heat-dissipating surface (T7,)
of the peltier device was cooled using a thermal fluid from a
thermostatic bath (Julabo model ME, Germany) (5). Under
illumination, and without temperature control, the
temperature inside the DSC can increase more than 10 2C in a
few minutes. Figure S3 presented in the supporting
information shows that when the temperature control is
turned on, the system immediately responds to correct the
temperature to the desired set-point.

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 Experimental setup used for temperature control of an under illumination
DSC between -5 °C and 105 °C. 1- thermal insulator black mask; 2- DSC; 3-
aluminum slab; 4- peltier device; 5- aluminum slab with drilled thermal fluid

circuit.

Figure 4 show the temperature readings of a DSC device under
illumination. Typically the temperature difference between the
counter-electrode side (T,) and the peltier cold side (T3) is less
than 1 eC, as the heat conduction of the aluminium slab is
quite high. However, the temperature difference between the
glass substrates of both electrodes of the solar cell can be
relatively high, especially at low or high temperatures. Above a
set point of 50 2C the temperature gap starts widening and it
can go up to 20 oC at 110 9C; this illustrates the low thermal
conductivity of the glass substrates.

Although the gap between both electrodes is filled with liquid
electrolyte, there is always a temperature gradient inside the
cell, particularly at temperatures far from room temperatures.
This fact highlights the importance of taking correct
temperature readings when analysing the temperature effect.
In all results presented in this work the temperature was
corrected to the average cell temperature calculated by the
readings taken inside both glass electrodes of the solar cell (T;
and T,).

Results and Discussion
Temperature influence in DSC performance

I-V and EIS analysis were conducted in several batches of DSCs,
from set point temperatures ranging from -5 2C to 105 C. Vg,
Jsc, FF and n were read for each temperature using the average
of three devices; these parameters were used to characterize
the performance of the cells and are now on called
performance parameters. The photoconversion efficiency (n)
of the solar cell was determined by its current-voltage
characteristics, specifically the open-circuit photovoltage (Voc),
the photogenerated current density measured under short-
circuit conditions (Js¢), the intensity of incident light (/;) and the
fill factor of the cell (FF). The current and voltage output of the
DSC result from a balance between charge generation flux and

4| J. Name., 2012, 00, 1-3
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Fig. 4 Temperature values from: a) T; (photoelectrode), T, (counter electrode),
calculated temperature difference between electrodes; and b) average cell
temperature versus set point temperature.

recombination flux. The effect of temperature in the /-V curves
of a typical DSC batch is presented in Figure 5. The /-V curves
have been normalized with respect to V¢ and Jsc obtained at
25 9C. As the temperature rises, there is a decrease in both V¢
and Jgc values, leading to a decrease in the performance.
Figure 6 shows the performance parameters, normalized by
the corresponding values obtained at 25 2C, as a function of
temperature. FF appears to be the only parameter that has
some increase with temperature. It can be clearly seen that
there are different decrease rates of V¢ and Jsc as a function
of the temperature; the short circuit current has a higher
decrease with temperature than the open-circuit voltage. FF is
the ratio between the maximum power density and the
product of Vg and Js; because the V¢ decreases with
temperature at a higher rate than Js, there is a higher FF for
higher temperatures. In this particular batch of cells, the
efficiency is approximately constant with temperature up to
ca. 50 oC. Considering 25 oC as the reference temperature, at
50 2C these cells retained about 91 % of the efficiency; at 70
oC, 70 % and at 100 2C, only ca. 30 %.

To check whether this loss of efficiency was reversible, the
analysis was repeated at 25 2C after the samples underwent
the highest temperature analysis (Figure S1 and Table S1 in

This journal is © The Royal Society of Chemistry 20xx
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ARTICLE

no particular degradation. These results show that, in the
described analysis conditions and up to 100 °C, there is no
internal degradation of the solar cell components, which
attests the thermal resistance and sealing quality of the
prepared DSCs; this allows of the
temperature influence.

The DSC efficiency dependence on the temperature is normally

a correct analysis

assigned to the conduction band shifts in the TiO,

photoelectrode, recombination and charge transport
22, 48, 49 .

processes . Temperature controlled EIS experiments

were conducted in platinum half cells, in order to characterize
the temperature influence at the counter electrode during the
operation of the DSCs. Bode and Nyquist diagrams are shown
for platinum half cells in Figure 7, obtained at 0 V and under
dark  conditions for  different  temperatures; the
electrochemical reaction at the platinum catalyst layer and
electrolyte was then assessed. The Bode diagram shows two
frequency peaks, one at low frequencies, corresponding to the
diffusion of ionic species in the electrolyte (I and 157), and
another at high frequencies, ascribed to the electrochemical
reaction at the platinum counter electrode with the electrolyte
5052 The operating temperature causes a slight frequency shift

supplementary The performance of DSCs
showed excellent temperature resistance: there was a
decrease in Jsc, but an increase in the FF that resulted in a
higher efficiency (5.83 % vs. 6.01 % before and after the tests,
respectively). The Voc showed no meaningful changes (0.773 V
vs 0.778V before and after the tests, respectively). The DSCs
also showed less than 15 % total efficiency degradation after
over 1000 hours of storage at room temperature in dark
conditions, after conducting the temperature tests — Figure S2.
This was mainly due to a decrease in the Jsc, which in turn is
probably caused by dye desorption from TiO, film occurred at
high temperatures, a known phenomenon with the N719/15
system = 21; the Voc and FF showed remarkable stability with

information).
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Fig. 6 Performance parameters normalized to the corresponding values 25 °C values
(Voc,25ec = 0.77 V5 Jsc,25ec = 9.5 mA-cm™), as a function of the operating temperature.
Lines were added for readability.
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in the low frequency peak, and a moderate shift in the high
frequency peak, suggesting a higher temperature influence in
the charge transfer process occurring at the Pt/electrolyte
interface than in the electrolyte diffusion processes.

This behaviour is also observed in the Nyquist plot (Figure 7b):
the first semicircle corresponds to the resistance associated to
the electrochemical reaction of triiodide to iodide, and the
second semicircle to the electrolyte diffusion in the liquid
electrolyte. From the Nyquist plot it can be seen that the first
semicircle changes considerably with temperature while the
second semicircle changes only slightly. To understand and
quantify this influence, the EIS experimental data was fitted to
an equivalent electrical analogue based on a Randles-type
circuit (presented in Figure S3), using ZView® (Scribner
Associates Inc.) 3354 The fitting results are shown in Figure 8,
the charge transfer resistance (Rce), chemical
capacitance of the counter electrode (C¢), and ionic diffusion
coefficient (D;3.) are plotted against temperature. R displays
an exponential trend with temperature as expected from the
Butler-Volmer equation; the electrolyte diffusion shows an
exponential increase with temperature as well, whereas the
counter electrode electrochemical

where

capacitance remains
relatively constant, unsurprisingly, as the reaction surface area
is unchanged by temperature > These results suggest that
temperature has a highly beneficial effect regarding to the
counter electrode operation. In DSCs, the electrochemical
reaction at the counter electrode is basically the same that
might happen at the photoelectrode when generated
electrons undesirably react with electrolyte species present in
the porous film of titanium dioxide; this prejudicial reaction,
typically called recombination reaction, is believed to be the
main limiting factor of efficiency, not only in DSCs but in the
majority of solar technologies %38 The fundamental
difference between both reactions is the source of electrons
and the interface where the electrochemical reactions take
place. At the counter electrode the triiodide reduction reaction
takes place catalysed by platinized layer applied on the SnO,-F
substrate; iodine diffuse then to the photoelectrode for
regenerating the oxidized dye.
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Fig. 8 Impedance data obtained for a platinum half-cell, at 0 V in dark conditions cells in
the temperature range studied. Lines were added for readability.
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Direct reduction of triiodide may happen at the
photoelectrode — external recombination, which limits the
total current and voltage and thus the final efficiency of the
device. The recombination reaction can occur directly at
TiO,/electrolyte interface (R;) or at the FTO/electrolyte
interface (R,), as represented in Figure 1.

Figure 9 shows for a typical batch of DSCs the EIS results. The
experimental data was fitted using appropriated electrical
analogues, namely using the
(presented in Figure S4) 3961 This model, proposed by Bisquert
et al*® is widely used to describe the transport and
recombination kinetic processes in DSCs. The experiments
were conducted under dark conditions at the Vg value
obtained at 25 °C (0.77 V). The Bode diagram shows two

frequency peaks, corresponding to the electron transport and

transmission line model

recombination at the photoelectrode (low frequency) and to
the reduction reaction occurring at the platinum counter
electrode (high frequency). Both phase peaks shift to higher
frequencies as temperature increases; the shift of the high
frequency peak in the Bode diagram and the first semicircle in
the Nyquist plot teaches that the
performance improves with temperature.

counter electrode
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Fig. 9 Complete DSC Bode (a) and Nyquist (b) plots obtained under dark conditions, at
the VOC of the cell at 25 2C (-0.78 V) for the temperature range of 5 °C to 105 °C.
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Recombination and DSC performance as a function of the
temperature

To assess the recombination rate at interfaces TiO,/electrolyte
and FTO/electrolyte of the solar cell and their temperature
dependence, five batches of DSCs were prepared and analysed
by means of /-V and EIS characterization. Each batch, of three
identical cells, differs in terms of total recombination rate
constant, k/(i). To experimentally change the total
recombination reaction rate constant, k(1) to k.(5), the
perimeter length of the glass frit sealing was varied as
displayed by Figure 11a); all the remaining solar cell design
parameters (such as TiO, active area, distance to metallic
contacts, etc.) were kept constant. This way it is possible to
change the extent of free TCO area in contact with electrolyte,
and thus the amount of generated electrons that may
recombine with triiodide. It should be emphasized that the
total distance from the active area to the metallic contact
remains constant; therefore the series resistance in the solar
cell is also constant between batches. Because the
TiO,/electrolyte interface is constant for all five batches of
cells, it is then possible to assess the temperature effect on the
recombination rate constant at the FTO/electrolyte.

Figure 11b) plots the electron lifetime against the exposed
electrolyte area for DSCs with and without TiO, blocking layer.
Indeed, the exposed area affects recombination,

Looking at the low frequency peak in the Bode diagram (Figure
9a) and the second semicircle in the Nyquist plot (Figure 9b) it
appears that the electron/electrolyte recombination resistance
decreases with temperature. The calculated parameters from
the model fitting & are plotted against temperature in Figure
10. Transport and recombination related parameters are the
photoelectrode capacitance, Cyg, electron diffusion coefficient,
D.s, recombination resistance, R,, and electron lifetime, t...
While Cpe appears to be relatively constant, due to the
unchanged surface area, Ry and Tt.. decrease
exponentially with temperature.

This highlights the fact that the recombination reaction is
highly enhanced by temperature. However, electron transport,
evaluated by D.g, improves with temperature. Considering
that the final performance of the solar cell is a balance
between electron generation, recombination and transport,
there are two opposite effects caused by temperature: on one
hand the recombination increases with temperature; however,
the electron transport rate also increases with temperature.
Assuming that electron generation rate, conduction band and
electrolyte redox potentials are mostly constant with
temperature27, in terms of DSC performance clearly the
balance is negative as seen from the global efficiency vs.
temperature results (Figures 5 and 6). This highlights that, in
terms of temperature dependence, recombination is dominant
over the charge transport.

reaction

This journal is © The Royal Society of Chemistry 20xx
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Fig. 11 a) Schematic diagram showing the methodology to control the
FTO/electrolyte exposed reaction interface in the photoelectrode; 1 — TCO; 2 —
glass frit sealing; 3 — electrolyte; 4 — TiO, with adsorbed sensitizer; 5 — electrical
contact; the dashed lines represent the relative positioning of the glass fir
sealing. b) Experimental results of electron lifetime versus exposed area of
electrolyte to FTO or TiO, blocking layer. Lines were added for readability.
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readability.

even in the case of DSCs with TiO, blocking layer applied over
the SnO,-F film. This illustrates the importance of minimizing
the exposed non-active area to electrolyte, as well as the
optimization of blocking layer design. An ideal blocking layer
should completely prevent recombination, fact that does not
happen according to the results presented in Figure 11b). The
blocking layer employed was applied by chemical bath
deposition of aqueous TiCl, solution; although this is a
common method when preparing high efficient DSCs, it is
known that this procedure may produce a defected blocking
Iayer.33’ 62

Analysing the /-V parameters (normalized by results at 25 2C)
for the different DSC batches, Figure 12, it is possible to
conclude that the trend of each parameter (Voc, Jsc, FF and n)
depends on the total recombination rate constants; the rate
constants were numbered from the highest, k.(1), to the
lowest k.(5). The results indicate that the total recombination
reaction rate increases monotonously with interface area and
temperature. This means that even though the prepared solar
cells at 25 9C have similar efficiencies (¥ 5 % to 6%), when
subjected to different operating temperatures, substantial
changes in performance emerge. The differences observed in
the FF and efficiency are caused by V¢ (T) and Jsc (T) values.

8 | J. Name., 2012, 00, 1-3

On one hand, it is expected TiO, conduction band down shift
to the electrolyte redox potential, reducing in this way the
open circuit voltage; however, this shift causes only a slight
change as seen in Figure 12a) (dashed black line, calculated
from the Butler-Volmer equation 63). The difference between
the normalized open circuit potential values, V*q, predicted
by Butler-Volmer and the observed values was assigned to the
recombination. On the other hand, Js: is basically determined
by the balance between electron generation and
recombination. Assuming that the temperature has a
negligible effect in the photon absorption and electron
generation processes 6463 the trend observed in Figure 12b)
should then be mainly attributed to recombination. It can be
concluded that recombination has a preponderant influence in
the V¢ and Jsc evolution with temperature.

The recombination rate constants of the five batches of DSCs
were plotted against the inverse of temperature to construct
the Arrhenius plot — Figure 13a). As expected, the curves
corresponding to cells with higher recombination display
higher recombination rates. There are clearly two different
trends in each curve with a breaking point at ca. 40 °C, which
correspond to different activation energy values. The
activation energies (E,) were calculated for each batch of cells,

This journal is © The Royal Society of Chemistry 20xx
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based on two linear fittings. The two E, values for each batch
corresponds to the temperature ranges below (£, ;) and above
(Eant) 40 °C. These values were plotted against the respective
rate constants in Figure 13b. There are two important
observations: i) for both temperature ranges, the activation
energies increase with recombination rate; ii) E, ; is lower than
E,nt. This means that more efficient cells, ie. with less
recombination (lower k), have lower activation energy values.
This fact can be explained as follows: in this work to obtain
high recombination cells the exposed TCO interface to
electrolyte was increased as previously described; this means
that for high recombination cells (i.e., k(1)) most of the
recombination interface is SnO,-F. Oppositely, in low
recombination cells (i.e., k(5)) there is nearly no FTO exposed,
and the main recombination reaction proceeds at TiO,
interface.

The results suggest that the driving force for the
electrochemical reaction between electrons and triiodide is
related not only with a reaction rate constant, k.(7), (that is
temperature dependent) and chemical concentration of
trilodide in electrolyte (that in this case is constant across
devices), but also with the energy level of electrons. Given this,
when electrons are in a higher energy level (i.e. TiO, CB, -4.2
eVss) the activation energy required for recombination is lower
comparing with electrons in lower energy levels (i.e. SnO,-F
CB, -4.7 eVGs). This support the results for the activation
energies being lower for TiO, dominant cells compared with

ARTICLE

DSCs with largely exposed TCO. Indeed, these results clearly
show that the activation energy barrier rules the
recombination process.

Chemical reactions occasionally show an Arrhenius plot with
two different linear trends at regions of low and high
temperatures, respectively. Typically, this feature is associated
with simultaneous and competing reactions or reaction
mechanisms involving different activation energies 67, with one
reaction being dominant depending on the temperature range.
In the present case, to understand the two trends of the DSCs
recombination reaction Arrhenius plot, half-cells of FTO (SnO,-
F), TiO, and platinum films were prepared and analysed as
described before; the correspondent Arrhenius plot is shown
in Figure 14. As expected the platinum half-cells show very
high reaction rates since platinum is good catalyst for the
reduction reaction of triiodide to iodide. The SnO,-F / SnO,-F
half-cells show two clear distinct trends in the Arrhenius plot:
between 30 °C - 40 °oC there is very little influence of
temperature in the reaction rate, showing very small activation
energy in this temperature range. However, for temperatures
higher than 40 °C there is a good linear fit resulting in
activation energy of 0.66 eV. Contrarily, in the case of
TiO,/TiO, half-cells, the Arrhenius plot does not show multiple
trends and the calculated activation energy was found to be
0.47 eV.
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Fig. 13 a) Arrhenius plot, with respective linear fittings, for several sets of DSCs with different recombination rate constants; b) Activation energies vs. recombination rate constant
and respective exponential fits, calculated from the Arrhenius plot trends found for temperatures lower and above 40 °C. The calculated activation energies increase with

recombination; an axis displaying the lifetime of electrons is also shown. Lines were added for readability
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shape of the Arrhenius plots for

recombination in DSCs, seen in Figure 13a), the logarithmic of

To rationalize the

the average rate constants for SnO,-F and TiO, was plotted -
green curve in Figure 14. This has similar shape as the ones
from complete DSCs, supporting that the influence that
temperature has in the has a
contribution from two distinct recombination mechanisms

recombination process

than can occur at the different interfaces of the solar cell.

The data presented at Figure 14 shows that at temperatures
below 40 9C, temperature has almost no influence in
recombination reaction rate at the TCO interface. This suggests
that at low temperature the main recombination reaction
mechanism should be between trapped electrons and
electrolyte. SnO,-F trap states, located at energies below the
conduction band, could be positioned close and even at lower
energies than the redox energy of the electrolyte (energies
from SnO,-F CB and redox energy of electrolyte are close, c.a. -
4.7 and -5.0 eV, respectivelyss), which means that below a
certain temperature (40 2C according to the results of this
work) the reaction rate is mostly temperature independent,
simply because most electrons do not have sufficient energy to
react with the electrolyte. However, in the TiO, case, due to its
higher conduction band energy (~-4.26 eV), most trap states
ought to be located above the redox energy of the electrolyte.
This means that, for the temperature range studied, most

This journal is © The Royal Society of Chemistry 20xx
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trapped electrons should have enough energy to react with
electrolyte species.

The results suggest that there is a shift in the dominant
recombination pathway from trapped electrons to electrolyte
to CB electrons to electrolyte, which explains the different
trends in the Arrhenius plots. The recombination reaction
mechanism between CB electrons and electrolyte species
requires less activation energy; this is confirmed by the
activation energy values presented in Figure 13b). As the total
recombination increases (higher k, in abscissas axis of Figure
13b), activation requires progressively more energy due to the
trapping energy.

The different shapes found in the Arrhenius plots of the
platinum half cells can also be explained considering that the
catalyst layer consists of platinum nanoparticles deposited on
the TCO; SnO,-F crystals exposed to electrolyte at this surface
provide an alternative reaction pathway from the Pt catalyst.
Taking into account the above considerations, the main results
concerning recombination vs. temperature are compiled in
Table 1. The cells with low k., show higher Voc and higher
activation energies for recombination reaction that occurs
mainly at TiO, /electrolyte: E,) = 0.26 eV and E,; = 0.42 eV;
when the main recombination interface is SnO,-F/electrolyte
(high k;) the activation energy is found to be E,; = 0.43 eV and
Eohe=0.46 V.

Table 1. Recombination rate constants, open-circuit voltages at 25 C, and activation
energies calculated for different batches of complete DSCs and half-cells.

Device kiasee /S Vogase /V Ean/ eV Eane/ €V
ki) 281 0.719 0.43 0.46
ki(2) 122 0.727 0.38 0.48
DSCs k(3 62.1 0.734 0.33 0.43
k() 42.8 0.768 0.32 0.42
ki (s) 20.8 0.770 0.26 0.42
Pt 4257 0.30 0.75
Half-cells SnO,-F 22.64 0.0 0.66
TiO, 16.00 0.47 0.47

Conclusions

DSC performance as a function of the temperature was
assessed for a wide range of temperatures, from -5 2C up to
105 °C. DSC cell were hermetically sealed using the recently
developed laser assisted glass sealing process, which allowed

J. Name., 2013, 00, 1-3 | 10
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obtaining reliable results. Within the temperature range
considered, it observed degradation of the
components of the solar cells, with full efficiency reversibility
(at 25 2C) in samples tested up to 100 °C.

The recombination was quantified as a
temperature and for SnO,-F/electrolyte and TiO,/electrolyte
interfaces. It was concluded that the electrons energy level
significantly affects the recombination reaction: when
electrons are in a higher energy level (i.e. TiO, CB) the driving
force for recombination is lower comparing with lower energy
level electrons (i.e. SnO,-F CB). Thus, the activation energy was
found to be lower for the recombination taking place at TiO,
interface than SnO,-F interface with electrolyte (0.47 eV vs
0.66 eV, respectively).

Arrhenius plots for recombination rates in DSCs showed two
different activation energies for temperatures below and
above ca. 40 °C. To explain this fact, the authors propose a
shift in the dominant recombination pathway from trapped
electrons/electrolyte to CB electrons/electrolyte. This work
shows that recombination depends on both, the temperature
and semiconductor interfaces present in the solar cell.
Generally temperature has an overall negative effect on the
DSC performance; this effect was shown to be governed by the
total electron/electrolyte recombination.

was not
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