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Abstract: Recombination between injected electrons and iodine limits the photovoltage in dye-sensitized
solar cells (DSSCs). We have recently suggested that many new dye molecules, intended to improve DSSCs,
can accelerate this reaction, negating the expected improvement (J. Am. Chem. Soc. 2008, 130, 2907).
Here we study two dyes with only a two-atom change in the structure, yet which give different V,s. Using
a range of measurements we show conclusively that the change in V,. is due solely to the increase in the
recombination rate. From the structure of the dyes, and literature values for iodine binding of similar
compounds, we find that it is very likely that the change in V,. is due solely to the difference in iodine
binding at the site of the two-atom change. Using the large amount of literature on iodine complexation, we
suggest structures for dyes that might show improved V.

Introduction

Dye-sensitized solar cells (DSSCs) are suggested as a lower
cost alternative to silicon-based photovoltaics (PVs).'? Dye-
sensitized cells can be manufactured with lower purity, and
therefore lower cost, materials compared to silicon cells. Record
efficiencies for dye-sensitized cells (~11%) are lower than those
for silicon cells (~24%).> Despite this difference, several
companies are reported to be developing DSSC modules, and
one company (G42i) is producing flexible DSSC modules in a
roll-to-roll process. To become more competitive with Si-based
PVs, and also to contribute significantly to world energy needs,
the efficiency of DSSCs needs to be improved. One of the
possible avenues for improving DSSCs is to increase the fraction
of the solar spectrum that is absorbed by the dye. At present,
the best dyes absorb light only weakly beyond 700 nm. For
example, the absorption spectrum of a current benchmark dye,
N719 (cis-dithiocyanato-bis(2,2'-bipyridyl-4,4'-dicarboxylate)-
ruthenium(II)), is shown in Figure 1.* Extending this absorption
to the red by 100 nm, without losing efficiency in other ways,
would result in a significant improvement in photocurrent.
However, over the past 15 years, possibly 1000 different dyes
have been tested, and the result “without losing efficiency in
other ways” has not yet been realized. Although this track record
might seem dispiriting, it must be kept in mind that the number
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of possible dyes is nearly infinite. We believe that the lack of
significant progress reflects not only the inherent difficulty of
the project but also that the effects of dye structure on all the
processes taking place in the cell are much more complex than
originally appreciated.

We have recently found evidence that many, or even most,
dyes can have a role in promoting electron recombination with
iodine in DSSCs.> Acceleration of this recombination lowers
the V., and thus the efficiency. A role for the dye is at first
glance surprising as the dye is not involved in the overall
reaction of recombination. Moreover, such a role is a reversal
of previous thought, where the dye has been considered to be
a blocking layer with respect to recombination. From our
previous results, we were led to propose that phthalocyanines,
at least, may accelerate recombination by providing a binding
site for iodine near the TiO, surface.’ A similar binding has
been previously suggested for porphyrins® and some ruthenium
complex dyes.” In light of these developments we have
undertaken a larger study of dyes for DSSCs in order to better
understand the cause of the recombination rate increase seen.
This is part of our ongoing work on structure/function relations
in DSSCs, including also the effect of dye structure on electron
injection and dye regeneration.>®'!
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Scheme 1. Structure of TG6 (X = S) and K19 (X = O) Dyes

In this paper we report the effects on recombination of two
very similar dyes, TG6 and K19, where two identical oxygen
atoms on K19 have been changed to two sulfur atoms on TG6
(Scheme 1).'*'* The dyes were chosen because the oxygen/
sulfur difference should change the iodine binding, but leaves
most other properties relatively unaffected. Using this model
system, we can quantify the effect of a two-atom change on
recombination. The results illustrate the subtlety of the structure/
function relationship in DSSCs. In this case, a change of an
oxygen to sulfur in two equivalent positions, out of a total
molecular size of 113 atoms, gives a 2-fold increase in the
recombination rate and a 20—30 mV loss in V,.. Because the
two-atom change can be correlated with a change in literature
values for iodine binding, the results strongly support our
original hypothesis that binding of iodine to the dye is a key
element of the recombination process in DSSCs.

In dye-sensitized cells, light absorption occurs in a monolayer
of dye at the interface between a transparent oxide electron
conductor (usually TiO,) and a transparent electrolyte. Sufficient
light absorption is achieved by using a thick film (~10 um) of
nanosized oxide particles (~20 nm) wherein all the internal
surface of the film is coated with the dye. A liquid electrolyte
is introduced into the pores containing a redox couple, virtually
always iodine/iodide in an organic solvent. The TiO, layer is
commonly supported on a transparent conductive contact,
usually fluorine-doped tin oxide (FTO) on glass, so that light
can be introduced from the “TiO,” side of the device. The device
is completed by placing another FTO glass “counter electrode”
facing the TiO,-coated electrode with a ~20 um gap between
the two electrodes. The edges are sealed to prevent evaporation
or contamination of the electrolyte. This arrangement was used
for the cells studied in this paper. We note that there are other
physical arrangements for DSSCs. In some prototype modules,
the TiO, layer is supported on opaque metal foil, and light is
introduced from the electrolyte side of the cell through a
transparent counter electrode. All designs, however, follow the
same basic rules of operation.

The functioning of DSSCs has been described, and only
relevant details will be repeated herein.'*'> The forward
(desired) processes are as follows. After light absorption by the
dye, the excited dye injects an electron into the TiO,. The thus

photo-oxidized dye is then regenerated (returned to the original
state) by oxidizing an iodide ion in solution. The net outcome
of the absorption of two photons is the creation of two additional
electrons in the TiO, and one additional iodine molecule in
solution. During operation, the electrons diffuse to the FTO
contact, from where they flow to the external circuit, through
the load, and to the counter electrode. The excess iodine diffuses
to the counter electrode, where it is reduced to iodide. Diffusion
of iodide back into the pores of the TiO, layer completes the
circuit. Quantum efficiency and energy losses can of course
occur at any step of this process. For a general description of
losses, see ref 15.

One important loss route is the recombination of electrons
in the TiO, with iodine. The rate constant for this recombination
is one of the factors which control the open-circuit voltage of
the cell. When iodine and iodide are mixed, there is a strong
complexation to make I3~ (tri-iodide).'® When iodide is in
excess, as in these cells, almost all the iodine is present as tri-
iodide. It is not yet certain whether the first electron-transfer
step in the recombination involves the reduction of iodine or
tri-iodide, or perhaps both in some ratio. We will use “iodine”
from this point on, with the understanding that we mean iodine
or possibly tri-iodide. The output voltage of the DSSC under
operation is the difference between the Fermi level in the TiO,
and the redox potential of the electrolyte. When light is applied
to the cell, the dyes begin to inject electrons into the TiO,, and the
concentration of electrons in the TiO, increases. This causes the
Fermi level in the TiO, to move away from the potential of the
electrolyte, establishing the potential difference. As the concentra-
tion of electrons increases, the recombination rate of the
electrons with the iodine increases. At open circuit, by definition,
the concentration of electrons has increased to the point where
the flux of recombining electrons equals the flux of injected
electrons (Ji.e = Jinj). This concentration of electrons in turn
fixes the Fermi level in the TiO, and thus the V..

In DSSC cells, the recombination flux follows the form Je.
= kon*[Is]#, where n is the total concentration of electrons in
the system (trapped and conduction band) and [I] is the near
surface concentration of oxidized iodide in the electrolyte (I,
and/or I;7). The value f is still under some debate; values of 1
or 2 are suggested from the literature.'’ '® The value of o
depends on the trap distribution and thus varies for different
preparations; for the cells used herein o =~ 3.6. It is clear that
if something causes [Ios] or k, to increase, the condition Je.=
Jinj will occur at a lower n. A lower n will give a lower Fermi
level in the TiO,, and thus a lower V... We cannot measure
[Ios] directly; however, our measurements can quantify changes
in the product k,[I,s], which we will refer to as k.. To quantify
changes in k,' we measure the electron lifetime and charge
density. By definition, the electron lifetime is the inverse of
the pseudo-first-order rate constant, T = 1/k5,, and also Ji.c =
kyon. From this we see that kg, = k,'n*". Thus, when compared
at the same electron density, the ratio of the lifetimes of two
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cells is the same as the ratio of the k,'s. We will use graphs of
7 vs n to present differences in recombination rates. The
separation of changes in &, into changes in [Is] and k, is treated
in the Discussion.

Another factor controlling the output voltage is the potential
of the energy levels inside the TiO, (conduction band and traps)
relative to the redox potential of the electrolyte. Changes in the
surface potential of the TiO,, and/or in the trap density in the
TiO,, will also change the relationship between a particular
electron concentration and the resultant Fermi level and V..
By plotting n vs V., we can estimate the shifts in the conduction
band potential and separate the effects of a given dye on the
surface potential and recombination rate.

Using these techniques we can quantify the difference
between the two dyes TG6 and K19 mentioned above (Scheme
1). These two dyes were originally designed to have higher
absorption coefficients and to be slightly red shifted relative to
N719. The higher absorption coefficient in the red tail of the
absorption spectrum can allow greater light absorption and
hopefully an increased photocurrent. The higher absorption
coefficient in general can allow a decrease in the number of
dyes required to fully absorb the sunlight. This makes it possible
to use a thinner TiO, layer, which in turn makes it easier to
fabricate more reproducible and more stable cells. All these can
decrease the eventual cost of the cell. However, in both these
dyes, there is a significant loss of voltage relative to N719 in
an otherwise identical cell, limiting their usefulness. By studying
the small but clear difference between TG6 and K19, we can
in turn comment on the larger difference between them and
N719 and offer potential routes to overcome their disadvantages.

Experimental Section

Cells were fabricated as in previous studies.'>?° Transparent
conductive SnO; glass, LOF Tec 15, was purchased from Pilking-
ton. TiO, particles were synthesized from titanium isopropoxide
following the nitric acid/acetic acid route, followed by auto-
claving.?'?* A stable “paste” of the particles was formed by
suspension in a mixture of terpinol and ethylcellulose.>* Layers of
the TiO, particles (~4 um) were deposited on the FTO glass by
tape casting (also known as “doctor blading™). The TiO, layers were
heated to 450 °C in air for 30 min. An additional ~1 nm TiO,
layer over each particle was applied by soaking the TiO, films in
50 mM TiCly solution for 30 min at 70 °C, followed by a water
rinse.'>** For some samples the TiCl, treatment was done using a
40 mM TiCl,;—THF complex solution in water, also for 30 min at
70 °C. The TiO, film was reheated to 450 °C after the TiCly
treatment. The film was allowed to cool to ~100 °C and then
immersed in the dye solution for 12—14 h. The dye N719 was
purchased from DyeSol. The dyes TG6 and K19 were synthesized
as described previously.'>'* A platinized FTO sheet was used as
a counter electrode. The cell active area was 1 x 1 cm. The
electrolyte was composed of methoxyproprionitrile (MPN) with 0.6
M propylmethylimidazolium iodide, 0.1 M Lil, 0.1 M tert-
butylpyridine, and 0.25 M iodine. All materials were used as
supplied except MPN, which was distilled once under vacuum.
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Current vs voltage data were collected using a simulated AM1.5
spectrum with an integrated intensity of 83 mW/cm?. The simulator
has been cross checked with two outside laboratories (ECN and
EPFL). Recombination, transport, and charge density data were
measured using a home-built transient electrical and optical system,
related to that in previous publications.'>?° Bias illumination was
provided by 10 white 1 W LEDs with focusing optics (Lumileds).
The white LED emission spectrum includes two peaks and covers
the range from 420 to 700 nm. The LEDs were mounted on a
custom heat sink that focuses the LEDs on one spot at a distance
of 20 cm. LEDs were switched with MOSFET switches with
switching times of ~20 ns. The turn-off time of the LEDs is
100—200 ns. The bias light intensity was controlled by varying
the applied current using a GPIB programmable power supply. Flash
illumination was supplied by five similar red LEDs (640 nm, fwhm
25 nm). The solar cell under test was mounted on an 8 x 8 x 2
cm aluminum block for temperature stabilization. The cell was
switched between open and short circuit with a MOSFET switch
as above. Cell currents were measured over a 2 Q resistor. The
cell and lamp switches were controlled by the output of a data
acquisition and control card (National Instruments) via a home-
programmed interface using Igor software (Wavemetrics).

Recombination time constants were measured by applying a
constant white bias light to the cell at open circuit and allowing
the voltage (V,.) to stabilize for an equilibration period. After
equilibration, a 50 us light pulse was applied to the cell from the
red LEDs, while the white bias light remained constant. The flash
causes an additional injection of electrons into the TiO,. The small
increase in electron concentration in the film causes a small increase
in output voltage. This voltage decays exponentially back to the
equilibrium V.. Voltage transient peaks were kept below 5 mV by
decreasing the pulse length. We fit the decay to extract a psuedo-
first-order lifetime of the electron, 7. This “transient’” time constant
differs by a proportionality constant from the true “steady-state”
electron lifetime at the given Vo, Ty, as will be discussed below.
A series of 15 light levels was used, between ~90 mW/cm? and
dark, to give a range of V,. values between the “1 sun” V. and as
close to zero as possible. The light levels were scanned down from
~90 mW/cm? and back up to check for hysteresis. We note that
some hysteresis is usually present for points at lower light levels.
It is known that cells with Lil undergo changes when held at V.,
which can take a long time to remove in the dark.?” In cases of
hysteresis we use the points from the decreasing bias light scan. In
order to mitigate the hysteresis, the equilibration time was also
varied. At a bias light level of 90 mW/cm? the equilibration time
was 4 s. This was increased to 40 s by | mW/cm?, and at zero bias
light the equilibration time was up to 20 min.

The excess electron density in the film at V., relative to short
circuit in the dark, was measured using a variant of the charge
extraction technique.”® Again, a white bias light was applied to
the cell, at open circuit, for a given equilibration time. Then,
simultaneously, the cell was switched to short circuit, and the bias
light was turned off. The switch to short circuit allows the charge
stored in the cell at V,. to flow through the external circuit.
Simultaneously removing the bias light ensures no further charge
is created. Integration of the discharge current gives a measurement
of the total charge present in the cell at the given V. A blank
experiment where the cell is switched without bias light is used to
correct for switching noise and bias currents in the equipment. Again
we used 15 light levels between ~90 mW/cm? and dark, and
scanned the bias light levels downward and upward to check for
hysteresis. Depending on the cell components, hysteresis can be
present at lower voltages. In addition, we have found that the charge
collected during charge extraction increases with the length of the
equilibration time under light. Based on our measurements, the
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difference between a few seconds and 40 s was significant (>30%),
but the increase in charge between 40 s and 2 min equilibration
was smaller (~5%). In order to complete the experiment in a
reasonable time, we have chosen 40 s as the equilibration time for
charge extraction.

It is has been common in dye-sensitized research publications
to present the time constants from transient voltage decays, or from
impedance data, 7, as the correct “steady-state” electron lifetime
for the given conditions. As the underlying rate equation is higher
than first order in electrons, this is not correct. When the
recombination process is of order o, the actual electron lifetime at
steady state is longer than the “transient determined” lifetime by
the factor o; thus, 7, = 7,0l A discussion of this relation can be
found in most introductory physical chemistry texts. A more general
derivation is in ref 27. As we have measured both charge and
lifetime data, we can determine o directly. For the cells used herein,
we find oo = 3.6. In this paper we break with past practice in order
to report the corrected lifetimes, 7. Because of this, the lifetimes
in Figure 5 will appear to be longer than those presented in our
earlier papers and those of others. We feel it is important to report
the corrected lifetimes in order to more accurately compare
recombination across different cells, using different dyes, different
TiOgs, and different electrolytes. Each of these can cause some
change in the apparent order of the reaction and thus in the
correction factor. Direct use of transient (or impedance) time
constants may cause errors in interpretation when comparing
recombination rates that differ by factors less than ~3. We expect
that close quantitative comparisons will become more frequent as
the field begins to optimize cell performance more carefully.

We note that the overall order of the reaction for electrons, oL &
3.6 for these cells, is unlikely to be due to the reaction mechanism
at the point of electron transfer. The apparent order in the reaction
is more likely related to the fact that most electrons occupy traps
in the TiO,. Detrapping to and recombination from the conduction
band can create non-integer reaction orders. However, at present
there is no adequate theory that gives the quantitatively correct
order. Reaction from traps with arbitrarily varying recombination
rates as a function of potential can also create any arbitrary reaction
order, but there is as yet no experiment to verify the assumptions
in this kind of model.?® Lastly, as all measurements have been done
with the same concentration of iodine and iodide, we can ignore
the effect of changes in bulk iodine concentration on the V.. If, as
we propose below, the binding of iodine to the dye is a key
determinant of the overall recombination rate, the order of the
reaction in bound and unbound iodine will be important values to
determine in the future.

Results

The absorption spectra of TG6, K19, and N719 in solution
are shown in Figure 1. The spectra have been normalized at
the peak of the visible light transition for each dye to highlight
the similarity of this transition across the dyes. The extinction
coefficients at the visible peak are as follow: TG6, 23 400; K19,
18 200; and N719, 14 200 M~ cm ™" *'>'* A small red shift is
visible for K19 and TG6 relative to N719. However, for
solvatochromic dyes such as these, small spectral shifts in
solution are not necessarily reproduced in the spectral response
of the cell. Figure 2 shows the incident photon to current
efficiency (IPCE) spectrum of K19 and TG6 incorporated in
DSSCs. Within the accuracy of our measurements the spectral
responses of the two dyes are identical. The spectral response
of N719 also peaks at 535 nm in identical electrolytes. After
correction for reflection and absorption of the front FTO glass

(27) Bisquert, J. J. Phys. Chem. B 2004, 108, 2323.
(28) Salvador, P.; Hidalgo, M. G.; Zaban, A.; Bisquert, J. J. Phys. Chem.
B 2005, 109, 15915.
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Figure 1. Absorption spectra of TG6, K19, and N719. Normalized to the
visible transition. Solvents: N719 and K19, 1:1 acetonitrile/zert-butyl alcohol;
TG6, 1:1 chloroform/ethanol.
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Figure 2. Spectral response (IPCE) of cells with K19 and TG6. TiO, film
thickness ~ 4 um. Electrolyte as in text.

— TG6
-—- K19

Current, mA/cm
1

N o

'Sl INS1 BEEE INT
7
Cd

\
IS

0.0 -0.2 -0.4 -0.6 -0.8
Voltage

Figure 3. [—V results for cells with K19 and TG6. TiO, film thickness ~
4 um. Electrolyte as in text. Note that the low fill factors are due to the
large active area (1 cm?), low conductivity glass (15 Q/), and geometry
of the cells.

(~15%), the internal quantum efficiency is at least 90% for both
dyes. This shows that at short circuit all the forward processes
(injection, regeneration, and transport) are significantly faster
than all the reverse processes (decay of the excited state, electron
recombination to the dye, and electron recombination to the
electrolyte).

Figure 3 gives typical photocurrent—voltage (/—V) results
comparing the two dyes. The photocurrent is the same; however,
the open-circuit photovoltage is ~20 mV larger for K19. The
difference in voltage between the two dyes has been reproduced
in additional comparisons using two different TiO, sources and
two different electrolytes. Thus, this voltage difference seems
to be an inherent effect of the dye structure. Losses in voltage
are sometimes ascribed to dye aggregation on the TiO, surface.
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Figure 4. Charge in the cell as a function of V.

Coadsorbates such as chenodeoxycholic acid (Cheno) can be
added to the dye solution to reduce aggregation on the surface.
We have made TG6 cells using (separately) Cheno, phenyl-
proprionic acid, and octylphosphonic acid in the dye solutions.
None of the additives caused an increase in voltage observed
relative to the case of no additive. It seems likely that
aggregation effects are not the source of the voltage difference
between K19, TG6, and N719.

Figure 4 shows the excess charge present in the cells at V,,
where the V. was varied by changing the bias light intensity.
The charge follows an exponential increase with voltage, Q =
0, ¢?V, with 8 ~ 9.5. The data show that the charge at V. is
essentially identical for the TG6 and K19 cells. This result
indicates that the conduction band edge is at the same potential
(relative to iodine/iodide) for cells with both these dyes.* The
charge vs V,. curve for TG6 and K19 is shifted to ~60 mV
higher voltages than for the reference dye, N719. This shift can
be interpreted as a 60 mV upward shift in the conduction band.
This shift is probably due to a change in ion access to the surface
due to the bulkier substituents on K19 and TG6. The electron
lifetime at V., as a function of the V., is shown in Figure Sa.
As in Figure 4, the V,,. was controlled by the bias light intensity.
At all voltages, the TG6 dye shows a recombination lifetime
that is around one-half of that for K19. A similar N719 cell is
also shown which has a lifetime about 3 times longer than that
of K19 and 6 times longer than that of TG6. In order to more
correctly compare electron lifetimes between cells, it is better
to plot the lifetime vs the charge density (Figure 5b). In Figure
5b, there is only a slight shift in the relative positions of K19
and TG6, as expected since the charge is the same. However,
we can see that the difference between both K19 and TG6 and
N719 is larger than that implied by Figure 5a. In this particular
cell composition (electrolyte and TiO, source), TG6 appears to
have a lifetime about 15 times shorter than that of N719, which
falls within the range (8—30) we have observed previously.'?

The conclusion from Figures 4 and 5 is that the recombination
lifetime at constant charge is shorter by a factor of 2.3 for TG6
relative to K19. This means that k.’ in the overall recombination
rate equation J,.. = ko' n*° (see Introduction) has increased by
a factor of 2.3 for TG6. We can check this data for consistency
with the I—V results, where TG6 shows 20 mV lower V..
Because the flux of injected electrons at V. is the same for
both dyes (Js is the same, and see the text for Figure 7) it
follows that J.. does not change. In that case, n must decrease

(29) O’Regan, B. C.; Scully, S.; Mayer, A. C.; Palomares, E.; Durrant, J.
J. Phys. Chem. B 2005, 109, 4616.
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when &, increases. A 2.3-fold increase in k,” will give a 1.26-
fold decrease in n. Using the data in Figure 4, we can calculate
what decrease in V. will be caused, using V — V' = In(n/n")/
9.5. The result is —24 mV, in good agreement with the /I—V
data.

Figure 6 shows the V,. vs log(l,), where I, is the incident
light intensity on the cell. The slope of the line gives the
“ideality” of the cell, where 60 mV/decade corresponds to an
ideality equal to one. Here again, K19 and TG6 show very
similar behavior. The ideality is related to how fast the
recombination rate constant decreases as the light level and V.
are decreased. Although the factors determining the ideality
remain a mystery, it is likely related to the trap state charac-
teristics of the surface, and/or the degree to which charges in
solution can reach the surface and screen the electrons. For the
purpose of comparing TG6 and K19, we note that the very
similar ideality indicates that none of these parameters has
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Figure 7. Transient absorbance decays for a K19 DSSC under white light
bias. Pump, nitrogen dye laser at 630 nm. Probe, 800 nm.

changed. From this we can conclude further that the change in
recombination rate constant is not related to changes in how
the dye molecules pack on and interact with the surface.
Conversely, TG6 and K19 both have a lower ideality factor
than N719. The fact that the dye structure is one of the factors
determining the ideality is a new and somewhat surprising
observation. The trend between TG6 and N719 is reproducible,
and the ideality of K19/TG6 cells is more reproducible than
that of N719 cells. It is tempting to speculate that the iodine
binding is directly affecting the ideality as well as the
recombination rate. The phthalocyanines discussed in our
previous paper show even lower voltages, presumably higher
iodine binding, and also lower ideality factors. However, there
are many other changes in dye structure occurring between
N719, K19/TG6, and phthalocyanines, so caution is required.

In N719-based dye-sensitized cells the recombination flux at
short circuit and at V,. is mainly the reaction of the electron
with the iodine in the electrolyte. It can be shown (see below)
that the recombination of the electron with the oxidized dye is
a minor contributor. We have found that this conclusion is still
valid for TG6 and K19. Figure 7 shows the results of a transient
absorption (TA) study on K19. The TA decays were measured
with a probe of 820 nm, where the oxidized species of the dye,
and the electron in the TiO,, both absorb. The cells were
illuminated with ~1 sun white light intensity during the TA
experiment. The two traces were taken with the cell at short
circuit and open circuit. The early and fast part of the decay (to
~100 us) is the disappearance of the dye cation, and the later
part is the disappearance of the electron. At short circuit, because
of the high IPCE of the cell, we know that at most only a small
fraction of the electrons recombine with the oxidized dye, so
the decay of the oxidized dye absorbance corresponds to the
time scale of regeneration alone. At V., the electron concentra-
tion in TiO, is about 10 times higher than at short circuit.
However, the TA decay up to 100 us is identical. If the increased
electron concentration at V,. had caused a significant increase
in the fraction of electrons recombining with the oxidized dye,
then the total decay rate should have increased, moving the TA
decay to shorter times. As this did not happen, we can assume
that for K19 cells the main reaction occurring at V. is still the
recombination of electrons with the electrolyte. TG6 gave
essentially identical results. The second part of the TA signal
in Figure 7, due to the electrons, decays much faster at short
circuit (7, ~ 0.9 us) than at V,. (z, & 6 ms). This is because
the electrons can leave the TiO, as photocurrent at short circuit
but can only decay by recombination with iodide at open circuit.
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Consistent with this, the recombination lifetime at the 1 sun
Voo, measured electronically, is 7, = 5 ms (Figure 5), and the
photocurrent transient decay time is 1 ms (data not shown).

Discussion

The attraction of this class of dyes lies in the higher absorption
coefficient relative to N719. However, this advantage comes
with a cost in terms of V. relative to N719. Figure 5 shows
that the extra ligands dramatically increase the recombination
rate relative to N719. We have previously discussed the
differences between N719 and TG6. The large changes in
structure between N719 and TG6/K19 make it difficult to
determine the exact cause of the increased recombination. The
two-atom change between K19 and TG6 allows a much more
definitive analysis. Figure 5 shows that the replacement of
oxygen by sulfur alone causes a 2-fold increase in the
recombination rate constant, k,'. On the other hand, the other
figures show that all other processes and conditions in K19 and
TG6 are virtually identical. Figures 2 and 3 indicate that the
injection efficiency and regeneration efficiencies are the same.
With Figure 7 this indicates that the recombination with the
dye does not contribute to the V., and thus cannot contribute
to a change in V.. Figure 4 shows that the band edge potential
of the TiO, is the same for both dyes. The latter finding shows
that the electric field between the TiO, and the electrolyte is
the same in both cases; thus, the driving force for recombination
is not changed. In sum, it is reasonable to conclude that the
change in recombination rate constant is the sole contributor to
the change in the V.., and that the single-atom change is the
sole contributor to the change in rate constant.

We have previously hypothesized that increased iodine
binding to the dye may be responsible for the large increases
in recombination rate (relative to N719) in TG6, phthalocya-
nines, and even most organic dyes.>'? If so, then we could
expect that a difference in the tendency to bind iodine might
be responsible for the smaller difference between K19 and TG6.
Iodine is known to form charge-transfer complexes with many
donors. The iodine binding constants for a large number of
molecules have been published, including a large compilation
table in ref 30. We suggest viewing the reported values as
qualitative, as there can be a large variation between different
authors. The reported iodine binding constant of ethylether is
~6, whereas that for ethylthioether is ~200 (L/mol, in n-
heptane, at 20 °C),*'*? a difference of 30-fold. Both these
molecules are thought to bind iodine at the heteroatom lone
pair. A contributor to the larger binding of the thioether is the
lower electron affinity of sulfur (2.58) compared to oxygen
(3.44). Lower electron affinity correlates with a greater ability
as a donor.

When ether or thioether is connected to conjugated carbon
systems, the lone pair can delocalize, decreasing the binding
overall. This is demonstrated by the lower iodine binding of
phenyl ethyl ether (K ~ 0.35) and phenyl ethyl thioether (K ~
9).3% Note, however, that the ratio between the sulfur and oxygen
compound has not changed. If applicable to the dyes TG6 and
K19, this ratio might be expected to give a larger change in the
recombination rate than the factor 2 actually seen. We suspect,
however, that as the lone pair is further delocalized into the

(30) Rao, C. N. R,; Chat, S. N.; Dwedi, P. C. Appl. Spectrosc. Rev. 1972,
5, 1.

(31) Tamres, M.; Brandon, M. J. Am. Chem. Soc. 1960, 82, 2134.

(32) Tsubomura, H.; Lang, R. P. J. Am. Chem. Soc. 1961, 83, 2085.

(33) Wayland, B. B.; Drago, R. S. J. Am. Chem. Soc. 1964, 86, 5240.
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larger 7 system, the binding for K19 cannot fall much below
~(.35, as the binding constant for benzene is on this same order.
Steric hindrance must also play a role. The binding constant
for bipyridine is reported to be ~90.** The fact that N719 gives
acceptable voltages implies that the binding to the bipyridine
in the dye is far lower. Presumably a version of K19 without a
heteroatom donor would still accelerate recombination somewhat
relative to N719; however, it is also possible that this dye would
not inject well due to the lower lying st orbitals on the ligand
which is not attached to the TiO,. We note that we have found
no literature on I3~ binding to donors, and I3~ acts as a donor
itself in forming Is~. Thus, we have neglected the possibility
that the dye might bind I3, although we do not reject this as a
possibility for future investigation.

Our data do not directly indicate how the binding of iodine
to the dye increases the recombination rate. There are two
possible mechanisms, both of which could operate together.
Referring to the rate equation, Jy. = kon*[Ls)P, the binding of
iodine near the surface will increase [Is], and thus the rate. In
iodine—iodide electrolyte, especially in nonaqueous electrolytes
such as those used here, there is a strong complexation between
I, and I", to form I;™. The binding constant in acetonitrile has
been reported to be >10°.'¢ In these DSSC cells, iodide is in
10-fold excess, indicating that there is very little free iodine
present in the cell. It has been found that the recombination
reaction proceeds mainly via the reduction of I,, rather than
I;~.'° In this case, recombination could well be limited by the
concentration of I, within the reaction distance of the surface.
Binding of iodine to the dye will create a larger concentration
of the iodine near the surface, which can increase the recom-
bination rate. It is, however, true that surface binding can only
be a significant contribution to recombination if the exchange
flux between iodine in tri-iodide and the iodine on the dye is
larger than the recombination flux. Otherwise, the iodine on
the dye will be depleted. Iodine/tri-iodide self-exchange is likely
very fast; however, the binding time to the dye has still to be
determined.’ We note that it has been stated in the literature
that the presence of species which bind iodine weakly (the
example used was TBP) will lower the bulk iodine concentration
in the electrolyte.®® However, this is not correct. The high
concentration of I3~ acts as a buffer for the I, concentration.
Species which bind I, much more weakly than does I™ will not
perturb the bulk I, concentration.

Alternatively, it might be the case that recombination is
limited by the activation barrier of the first step in the reduction
of either iodine or tri-iodide. If binding to the dye can decrease
this barrier, then recombination can proceed faster for a given
iodine concentration. In this case there will be an increase in k,
in the rate equation, as well as in [Ios]. One could speculate
that iodine binding to the dye stabilizes the first reduction
product of iodine, I,”". If I,’~ is immobilized on a dye, thus
preventing its rapid disproportionation in the bulk, it can accept
another electron from the TiO,. Otherwise, the disproportion-
ation of I, (=10 us under operating conditions in these cells)
will keep the concentration very low.?’

It is an important question to what extent N719 also binds
iodine. As mentioned above, bipyridine binds iodine strongly

(34) Rao, N. S.; Rao, G. B.; Ziessow, D. Spectrochim. Acta 1990, 46A,
1107.

(35) Ruasse, M. F.; Aubard, J.; Galland, B.; Adenier, A. J. Phys. Chem.
1986, 90, 4382.

(36) Boschloo, G.; Haggman, L.; Hagfeldt, A. J. Phys. Chem. B 2006, 110,
13144.

(37) O’Regan, B. Unpublished data.

(K ~ 90 L/mol);** however, the literature indicates that in
pyridine compounds the iodine binds directly to the nitrogen
lone pair. Benzene and biphenyl bind iodine only weakly (0.25
and 0.36). It would seem likely that, between the binding of
the nitrogens to the ruthenium and steric hindrance between
the ligands, iodine binding to N719 is likely to be weak. With
respect to recombination studies of N719, we have no reference
dye guaranteed not to bind iodine, so the effect of N719 on
recombination can only be examined indirectly. The recombina-
tion rate constant of bare TiO, films, illuminated with UV light,
probably cannot serve as an adequate reference, as UV light
causes other effects at the TiO, surface.*®*® A suggested method
to compare recombination is to compare the dark /—V with and
without dye. In this test, N719 sometimes appears to “block”
the surface, decreasing the dark current, and sometimes shows
equivalent dark current to bare TiO, (data not shown). However,
it is virtually certain that N719 will shift the conduction band
relative to the no-dye case, leaving any dark current comparisons
in doubt. We have developed a charge extraction experiment
to measure the charge density of the TiO; film in the dark. Data
comparing N719-coated and bare TiO, will be presented in the
future. Beyond this, however, even bare TiO, contains oxygen
“donor” sites and is likely to adsorb iodine as well. All that
can be said at this time is that combined effects of N719 on the
band edge and on iodine adsorption approximately cancel to
give little difference from bare TiO..

An even more important question concerns the modification
of candidate dye structures to reduce iodine binding. Several
approaches may be useful. As mentioned above, the oxygen or
sulfur atoms in K19 and TG6 are present in order to donate
electron density to the extended sz system on the ligand. A rather
strong donation appears to be necessary, so the heteroatoms
cannot simply be removed. However, it might be possible to
add a larger number of weaker donors, instead of one strong
donor. The increase in overall ;7 system density will likely still
increase binding (e.g., hexamethyl benzene (1.5) relative to
benzene (0.25) but perhaps to a lesser degree than a heteroatom
with a lone pair). A second approach could be to build in steric
hindrance at key points. The following series of pyridine
derivatives shows the effects of steric hindrance around a
pyridine nitrogen: pyridine (K = 60—160 L/mol), 2,5-dimeth-
ylpyridine (K ~ 129) versus 2,6-dimethylpyridine (K =~ 30)
versus 2-methyl-6-styrylpyridine (K ~ 6).>° Note the decrease
in the last compound comes about despite the increase in the 7
system size. Lastly, binding of iodine to multiple heteroatoms
incorporated into conjugated ring structures follows a complex
set of rules that may be exploited once iodine binding is
recognized as a problem. In sum, it should be possible to design
a lack of iodine binding into candidate dyes. If dyes can be
made which bind iodine less strongly than TiO, and/or N719,
it may yet be possible to increase both the red response and the
voltage.

Conclusions

We have shown that a two-atom change in a dye structure
can have signifiant effects on the recombination rate and through
that on the cell V,.. Combined with literature values for iodine
complexation, the results suggest very strongly that iodine, or
possibly tri-iodide, binding to the dye is the cause of the
difference. What we have not been able to show is the iodine

(38) O’Regan, B.; Schwartz, D. T. Chem. Mater. 1998, 10, 1501.
(39) Ferrere, S.; Gregg, B. A. J. Phys. Chem. B 2001, 105, 7602.
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binding constant for the two dyes. We have started a project to
measure iodine binding to dyes and other components in the
cell, but the measurement is not simple. For example, the IR,
Raman, and UV—vis spectra of iodine complexes are known
to evolve with time, often for days.”” Indeed, we find this
behavior for methoxypropionitrile, the solvent for the cell
electrolyte. Since similar evolution is often seen in the cell I—V
results, iodine complexation may have effects well beyond the
ones measured here. The significance of this, if true, should be
very wide ranging. Elucidation of the iodine complexation with

(40) Tassaing, T.; Besnard, M. J. Phys. Chem. A 1997, 101, 2803.
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the dye, electrolyte, and TiO, is a critical goal for further
understanding and improvement of DSSCs.
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