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Dye-sensitized solar cells (DSCs) have gained widespread interest because of their potential for low-cost solar energy
conversion. Currently, the certified record efficiency of these solar cells is 11.1%, and measurements of their durabil-
ity and stability suggest lifetimes exceeding 10 years under operational conditions. The DSC is a photoelectrochemical sys-
tem: a monolayer of sensitizing dye is adsorbed onto a mesoporous TiO, electrode, and the electrode is sandwiched together
with a counter electrode. An electrolyte containing a redox couple fills the gap between the electrodes.

The redox couple is a key component of the DSC. The reduced part of the couple regenerates the photo-oxidized dye.
The formed oxidized species diffuses to the counter electrode, where it is reduced. The photovoltage of the device depends
on the redox couple because it sets the electrochemical potential at the counter electrode. The redox couple also affects the
electrochemical potential of the TiO, electrode through the recombination kinetics between electrons in TiO, and oxidized
redox species.

This Account focuses on the special properties of the iodide/triiodide (I"/1;~) redox couple in dye-sensitized solar cells.
It has been the preferred redox couple since the beginning of DSC development and still yields the most stable and effi-
cient DSCs. Overall, the iodide/triiodide couple has good solubility, does not absorb too much light, has a suitable redox
potential, and provides rapid dye regeneration. But what distinguishes I7/I;~ from most redox mediators is the very slow
recombination kinetics between electrons in TiO, and the oxidized part of the redox couple, triiodide. Certain dyes adsorbed
at TiO, catalyze this recombination reaction, presumably by binding iodine or triiodide.

The standard potential of the iodide/triiodide redox couple is 0.35 V (versus the normal hydrogen electrode, NHE), and
the oxidation potential of the standard DSC-sensitizer (Ru(dcbpy),(NCS),) is 1.1 V. The driving force for reduction of oxi-
dized dye is therefore as large as 0.75 V. This process leads to the largest internal potential loss in DSC devices. We expect
that overall efficiencies above 15% might be achieved if half of this internal potential loss could be gained.

The regeneration of oxidized dye with iodide leads to the formation of the diiodide radical (I,"*). The redox potential
of the I,7/I~ couple must therefore be considered when determining the actual driving force for dye regeneration. The formed
I,7* disproportionates to I3~ and I~, which leads to a large loss in potential energy.

The dye-sensitized solar cell (DSC) provides a molec-  energy conversion, research in this field has been
ular approach to photovoltaic solar energy conver-  rapidly expanding in the last 20 years. The certified
sion.>> Because of their potential for low-cost solar  efficiency of DSC lies currently at 11.1%."
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FIGURE 1. Schematic structure of the dye-sensitized solar cell.

The configuration and working mechanism of DSC is very
different from those of conventional semiconductor solar
cells.2~* The DSC is a photoelectrochemical system with an
electrolyte containing a redox mediator. It usually has a sand-
wich configuration, see Figure 1. The working electrode is typ-
ically a mesoporous TiO; film deposited on a conducting glass
substrate (usually glass coated with a thin layer of fluorine-
doped tin oxide, FTO). A monolayer of dye (the sensitizer) is
adsorbed on the TiO, surface. The electrolyte typically con-
sists of the triiodide/iodide redox couple dissolved in an
organic solvent. The counter electrode is a conducting glass
activated with a platinum catalyst.

Although several alternatives to the I7/1;~ mediator have
been developed for DSCs (e.g., see ref 4 and references
therein), the performance of the iodide/triiodide couple
remains unmatched. This Account focuses on the special prop-
erties of the iodide/triiodide redox couple in dye-sensitized
solar cells.

Energetics of the I"/I;~ Redox Mediator in
the DSC

In solution, iodine will bind with iodide to form triiodide in an
equilibrium reaction with an equilibrium constant for forma-
tion, K;:

L+ =17, K, (1)

If the iodine concentration is high, polyiodide species like
Is7, 177, and lg~ may also be formed, but in practice, only tri-
iodide seems to be of importance in DSC electrolytes. Because
K4 is high in the organic solvents typically used for electro-
lytes in DSCs and the iodide concentration is high, the con-
centration of free iodine will be very low. For example, in a
redox electrolyte prepared from 0.5 M Lil and 0.05 M [; in
acetonitrile (log(K;/M~") = 6.76 °), a free iodine concentra-
tion of 2 x 1078 M is calculated.

The redox potential of the electrolyte (Ereqox) is given by the
Nernst equation (eq 3), which reads for the triiodide—iodide couple:

57 +2e =3I" (2)

—pr R 1] 3)

Eredox 2F [|7]3

where E% is the formal potential, R the gas constant, T the absolute
temperature, and F the Faraday constant. The validity of eq 3 on a
platinum electrode in actual redox electrolytes is demonstrated in
Figure 5a.

A number of one-electron redox reactions can occur in the
iodide—iodine system. These reactions involve the unstable
radicals atomic iodine (I') and diiodide (I,~*). Their redox poten-
tials are related through a series of equilibria and equilibrium
constants:

20=1, K, (4)
P+ =1, K, (5)

Figure 2 provides an overview of seven redox reactions in
the iodide—iodine system and their relative electrochemical
potentials. Some of these reactions are important for the DSC.
The redox potential of iodine radicals in aqueous solutions has
been determined in a number of studies, summarized by Stan-
bury.® Little data is available on the redox potentials of iodine
radicals in organic solvents.” Redox potentials of the iodide/
triiodide system are summarized in Table 1.

In the dye-sensitized solar cell, the two-electron reaction 2
sets the counter electrode at the redox potential of the elec-
trolyte. Reaction 2 is, however, not directly responsible for the
regeneration of the oxidized dye, as will be discussed in the
section on dye regeneration below. Instead, the one-electron
reaction, 21~ — 1,7 + €7, seems to be responsible for reduc-
tion of the oxidized dye.
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FIGURE 2. Redox reactions of the iodine—iodide system and their
relative electrochemical potentials. The indicated differences in
formal potentials are a = (RT/F)In(Ks); b = (RT/(2F))In(Kz); c = b — a;
d = (RT/2F)In(K;); e = ¢ + d.
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TABLE 1. Redox Potentials (V vs NHE) of the lodide—Triiodide
System

solvent P (157/1) B (1) B (/) B (15/1,)
water +0.536 +1.33¢ +1.03° +0.04°
acetonitrile? +0.29¢ +1.237 <+0.937 >—0.35

+0.354°

9 Values reported vs Fc*/Fc are converted to NHE by addition of 0.63 V. > A
value of +0.21 V for E%(I,/I,™) is reported by Stanbury.® < Average value from
studies summarized in ref 7.
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FIGURE 3. Energy scheme of the cis-Ru(dcbpy),(NCS),-sensitized
TiO, solar cell with I"/I;~ redox mediator. Reorganization energies
were assumed to be 0.35 eV for the dye and 0.7 eV for the redox
species. The energy distribution for D* is obtained by addition of
Eo—o Of 1.75 eV® to the ground-state level of D.

An energy scheme of the DSC is shown in Figure 3. For the
standard sensitizer cis-Ru(dcbpy),(NCS),, also known as N3 (in
its fully protonated form) or N719 (as the double tetra-butyl-
ammonium salt), E%(D*/D) is 1.10 V vs NHE if the dye is fully
protonated.® Electrochemistry of Ru(dcbpy),(NCS), adsorbed
onto a conducting tin oxide glass gave the same value, for
both N3 and N719 (unpublished results). The potential differ-
ence between E¥(D*/D) and E¥(I5~/I") amounts to 0.75 V. This
potential is used to drive the forward reactions in the DSC.
Based on the reaction scheme for dye regeneration, which will
be discussed below, the driving force for dye regeneration
reaction is given by the difference between E%(I,7/17) and
E”(D*/D). The unstable I, radical, which is formed during dye
regeneration, is converted into Is~. This corresponds to a
potential loss of several hundred millivolts [E%(l,7/17) — E¥(I5/
17)] in the DSC.

DSC Working Mechanism and Kinetics

Electron Injection and Regeneration of the Oxidized
Dye. The working mechanism of the dye-sensitized solar cell
is summarized in Figure 4. Sunlight is absorbed by the dye,
and the excited dye can inject an electron into the conduc-
tion band of TiO,. The time scale of this process is tens of fem-
toseconds to hundreds of picoseconds and depends on the
electronic coupling and energetic overlap between donor and
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FIGURE 4. Kinetics of the cis-Ru(dcbpy),.(NCS),-sensitized TiO, solar
cell with I7/13~ redox mediator. Typical time constants of the
forward reactions (green) and recombination reactions (red) are
indicated.

acceptor states.? The remaining oxidized dye is reduced by
the iodide in the electrolyte. The half-time for regeneration of
the most common sensitizer, cis-Ru(dcbpy).(NCS),, in the pres-
ence of about 0.5 M iodide is in the range of 100 ns to 10 us,
depending on the precise composition of the electrolyte.'®~ ">
(Note that values as small as 10 ns have been reported,®'®
but these appear to be in error)) The nature of the cation in the
electrolyte plays a significant role. Pelet et al. observed faster
dye regeneration when using electrolytes containing cations
that adsorb at the TiO, surface.'' This was attributed to a
higher local concentration of the iodide anion near the TiO,/
electrolyte interface. Several studies report on the regenera-
tion by iodide of other sensitizers, such as Ru- and Os-based
complexes,''7'® metal—organic compounds such as phtha-
locyanines and porphyrins,'*'® and fully organic dyes.?°
Notably, Os(dcbpy)»(NCS),, having an oxidation potential 0.23
V more negative than that of Ru(dcbpy)>(NCS),, is not effi-
ciently reduced by iodide after electron injection.'?

The reaction between oxidized dye and iodide leads to the
formation of diiodide radicals (I,7)."*'821~23 This radical was
observed in dye-sensitized solar cells using nanosecond-la-
ser spectroscopy'#'823 and pseudo-steady-state photoin-
duced absorption spectroscopy.?* The pathway for the
reduction of the oxidized dye (D*) by iodide is given by reac-
tions 6—9.'" 1217

D*— D" + e (Ti0,) (6)
D'+I"—([D-- -l (7)
D+--)+I"—=D+1," (8)
2L, =1 41 (9)

After electron injection from the excited dye (D), the oxi-
dized dye D" is reduced by iodide, under the formation of a
complex (D---I). The formation of such a complex was
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recently demonstrated by Clifford et al. for the sensitizer cis-
Ru(dcbpy),(CN),."? Fitzmaurice et al. proposed earlier the for-
mation of a (D---1,7) complex in the case of a Ru(dcbpy)s>*
sensitizer.2> Quantum chemical calculations confirm that for-
mation of such complexes is energetically favorable.?® The
complex dissociates when a second iodide ion comes in and
dye in the ground state D and I, are formed, reaction 8. Two
diiodide radicals react to form triiodide and iodide (dispropor-
tionation, reaction 9). The concentration of I,~* in a DSC under
operation can be estimated as follows: If we assume that the
solar cell generates a photocurrent of 10 mA cm~2, the for-
mation rate of I, is 10 x 1073/F=1.0 x 107/ molcm™2s™ .
The generation is confined to the pores in the TiO, film.
Assuming a 10 um film with 50% porosity, the pore volume
is5 x 107* am~3, and the I,~* generation rate per volume is
0.2 mol L™" s7'. With the second-order rate constant for reac-
tion 9 in acetonitrile of 2.3 x 10" M~" s~ 27 the steady state
concentration of I, is calculated to be 3 M. This is 2 orders
of magnitude higher than the concentration of free I, in a typ-
ical acetonitrile-based redox electrolyte.

Alternative Pathway for Dye-Sensitization: Reductive
Quenching of Excited Dye Molecules. Under certain con-
ditions, an alternative pathway is possible in dye-sensitized
solar cells involving the reductive quenching of excited dye
molecules by iodide:?8~3"

D'+ —D +I (10)
P+ =1, (11)

D™ —D + e (TiO,) (12)
D+l =D+, +1" (13)

This pathway can be significant if electron injection for the
excited dye into the conduction band of the semiconductor is
relatively slow or in the presence of very high concentrations
of iodide. The excited dye is reduced by iodide, leading to the
formation of the reduced dye D~ and I, ™. Initially, iodine rad-
icals may be formed (reaction 10).3" The reduced dye can
either inject an electron into the conduction band of TiO,
(reaction 12)? leading to photocurrent or react with triiodide
(reaction 13), which is a recombination reaction. In practical
dye-sensitized solar cell devices, the reductive quenching path-
way may play a role in ionic liquid electrolytes, where iodide
concentration can be very high (~5 M). Wang et al. reported
that optimum solar cell performance was obtained in a binary
jonic liquid electrolyte containing 50% 1-phenyl 3-methyl imi-
dazolium iodide, while higher concentrations led to a decrease
in photocurrent, suggesting that reaction 13 is dominant over

reaction 12 after reductive quenching (the Ru complex 2907
was used as a sensitizer).3°

Reaction at the Counter Electrode. At the counter elec-
trode triiodide should be efficiently reduced to iodide (reac-
tion 2). The counter electrode must be catalytically active to
ensure rapid reaction and low overpotential. The overpoten-
tial » needed to drive the reaction at a certain current den-
sity J gives rise to a charge transfer resistance (Rcr = n/J),
which acts as a series resistance in the solar cell. Ideally Rer
should be down to ~1 Q/cm? to avoid significant losses.
Counter electrodes prepared from conducting glass onto which
thermal Pt clusters are deposited are very suitable.** Low Pt
loadings (5 ug cm~2) are needed so that the electrode remains
transparent. lodine adsorbs dissociatively onto the Pt surface,
enabling a rapid one-electron reduction. Alternative materi-
als that were successfully used as counter electrodes in DSCs
are carbon? and the conducting polymer poly(3,4-ethylene-
dioxythiophene) (PEDOT).>*

Loss Mechanisms in the DSC

Recombination Reactions. A series of recombination reac-
tions compete with the forward reactions in the DSC, see Fig-
ure 4. Radiative and nonradiative decay of the excited dye is
competing with electron injection. Injection efficiencies
approaching 100% are found for sensitizers with favorable
energetics and good electronic coupling to TiO, conduction
band states. After injection, electrons can recombine with oxi-
dized dye molecules. Although this process is slow under low
light intensity (when the electron concentration per TiO, par-
ticle is about one), it has been shown that this recombination
accelerates dramatically under conditions of high electron con-
centration in the TiO,, for example, at high light intensities or
at the maximum power point, and may compete with dye
regeneration.'®

Photoinjected electrons travel a relatively long path through
the mesoporous TiO, structure before reaching the conduct-
ing substrate. During transport, they are always near the semi-
conductor/electrolyte interface and may recombine with
electron acceptors in the electrolyte. Here, the I37/I~ couple
distinguishes itself from one-electron couples, such as ferro-
cenium/ferrocene (Fc*/Fc); while nearly all injected electrons
are collected in the DSC under short-circuit conditions in case
of I37/I7, most electrons recombine in case of Fc*/Fc.>

The recombination of electrons in mesoporous TiO, with
acceptors in the electrolyte has been mostly studied using
steady-state3® 38 or dynamic®°~*3 measurements of the
open-circuit potential (Voc). This electron transfer can occur
both at the interface between the TiO, and the electrolyte and
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at the part of the conducting substrate that is exposed to the
electrolyte. The second route is usually less important in case
of I37/I~ and can be suppressed further by using a compact
blocking layer of the metal oxide.*® We will therefore con-
sider only the first route here. When the DSC is illuminated
under open circuit conditions, the net rate of electron injec-
tion from dyes into the TiO, is balanced by the net rate of
electron transfer from the electrode to the electrolyte. Because
the Voc depends on the electron concentration in the TiO,,
changes in Voc can be related to the recombination process.
The following expression has been derived for the steady-
state Voc in the DSC:33644

I
V=K1 m(#) (14)
€ Kreccoll3 ]

where Jiy; is the flux of injected electrons, ki is the rate con-
stant for triiodide reduction, and n. the conduction band elec-
tron density in the dark. First-order recombination kinetics for
both electrons and triiodide are assumed in eq 14. Huang et
al. included an additional electron transfer coefficient in their
expression,®® which seems inappropriate because TiO; is a
semiconductor. Equation 14 predicts that Voc will increase by
59 mV for a 10-fold increase in light intensity, because Jiy; is
proportional to light intensity. Values close to 60 mV are
indeed frequently found,?®~38 but higher values have also
been reported. Figure 5b shows a recent example from our
laboratory of the light-intensity dependence of Voc in DSCs
with varying concentrations of triiodide in the electrolyte. The
slopes are 66 + 1 mV per decade increase in light intensity.

In a number of studies, the effect of the concentration of tri-
iodide on recombination Kinetics was investigated.3637-3941
As expected, the recombination rate increases with increas-
ing I3~ concentration. Analysis of Voc under steady-state con-
ditions in DSCs with varying triiodide concentration gave
values of 1.93¢ and 137 for the reaction order of triiodide in
the recombination reaction. Changes in the redox potential
were, however, unaccounted for in these studies, so the valid-
ity of these values is questionable. Figure 5¢ shows the depen-
dence of the electrochemical potential (Ef) of the TiO,
electrode in a DSC as a function of triiodide concentration,
taken from our recent work. By using Eg rather than Vo, the
shifts in redox potential of the electrolyte are taken into
account. Using the method outlined by Huang et al.,® a reac-
tion order of 1.1 is determined for I3~ in the recombination
reaction. Equation 14 appears therefore to be valid.

The reaction of electrons in TiO, with triiodide is strongly
temperature dependent and is an activation-controlled pro-
cess.*? It can be suppressed by additives in the electrolyte,

lodide/Triiodide Redox Mediator in DSCs Boschloo and Hagfeldt

0-36
035 L
0.34 |
0.33 |
0.32 |
0.31
03

0.29 I L 1
-0.05 -0.04 -0.03 -0.02 -0.01 0

(RT/2F)in([1, VIT°) (V)

)

ISAAS
redox

I L |

0.01 0.01

-0.35

b)

-0.25 |-
02|

-0.15 |

E. (V vs NHE)

01|

-0.05 I | I
10® 10 10™ 10° 107
le (A)

F

E_(V vs NHE)
o
N
(6]
T

0.15 L L R
0.01 0.1 1
[I.](mol L")

FIGURE 5. (a) Redox potential of the iodide—triiodide electrolyte
measured on a platinum electrode as function of (RT/2AIn([Il;7]/[I"]?).
The slope is 1.0, showing the validity of eq 3. The electrolyte was
composed of 1.0 M 1-propyl 3-methylimidazolium iodide and
various amounts of iodine in acetonitrile. (b) Light intensity
dependence of the electrochemical potential Er in TiO- in a cis-
Ru(dcbpy)>(NCS),-sensitized solar cell. Er = Voc — Eredox, Where Voc is
taken as a negative value. The I3~ concentration was 0.03, 0.1, 0.2,
and 0.5 M from top to bottom. (c) Dependence of EK(TiO,) in the
same DSCs on I3~ concentration for two light intensities.

such as 4-tert-butylpyridine®3®42 and guanidium thiocyan-
ate.*> Both additives give a decreased recombination rate, as
well as a shift of the conduction band edge of TiO,: toward
negative potential for 4-tert-butylpyridine and toward more
positive potential for guanidium thiocyanate. The most prob-
able mechanism is that these additives adsorb at the TiO, sur-
face, blocking active reduction sites or preventing close
approach of electron acceptors to the surface. Co-absorbers,
added to the dye bath upon dye adsorption, can have a sim-
ilar effect as the additives in the electrolyte. For example,
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w-guanidinoalkyl acids gave reduced recombination as well as
a TiO, conduction band edge shift toward negative poten-
tial.*®

Green et al.*’ reported that recombination of electrons in
bare mesoporous TiO, with I3~ is 2 orders of magnitude
slower than with I,. This may imply that I is the main elec-
tron acceptor in the electrolyte in DSCs. Interestingly, the [,
intermediate was not observed spectroscopically in their
experiment. This can be explained by a dissociative reduc-
tion process of iodine on the TiO, surface. The Kinetics
appeared to be first order with respect to the I, concentration.

Dyes adsorbed at the mesoporous TiO, electrode affect the
reduction of triiodide. Dyes with additional hydrophobic
chains can reduce the rate of recombination by a blocking
effect, as was demonstrated for the Z907 dye in comparison
with N719."® Certain dyes adsorbed on TiO, increase the
recombination rate.**~>' Miyashita et al.>° proposed that this
is due to a locally increased concentration of triiodide near the
dye, while O'Regan et al.>" suggested that this is due to bind-
ing of the dye with iodine.

Diffusion Limitations. In order to have rapid regenera-
tion of the oxidized dye, iodide should be present in high con-
centration or diffusion of iodide should be fast. In nonviscous
electrolytes such as acetonitrile, an iodide concentration of 0.3
M is sufficient, while in viscous ionic liquids a higher concen-
tration may be necessary.3°

Transport of triiodide to the counter electrode can be a
rate-limiting step in the DSC if the concentration of triiodide
is low or if the solvent is viscous.>? Depletion of triiodide at
the counter electrode causes an overpotential, lowering the
voltage output of the solar cell. Transport of triiodide is mostly
driven by diffusion. When a high concentration of high triio-
dide is present, a Grotthus mechanism, illustrated below, may
increase the observed diffusion coefficient.>3

R e BRI PR R R A (15)

Light Absorption by Triiodide and Photochemical
Reactions. The I37/I~ redox electrolyte possesses a yellow to
brown color and will thus absorb some sunlight. It has been
calculated that a very high concentration of 1 M triiodide in
an ionic liquid electrolyte gives a 13% reduction in photocur-
rent as a result of light absorption for a solar cell with the stan-
dard N719 dye.>* Excitation of triiodide leads to the following
photochemical reactions in the electrolyte:>®

L™+ hy—L "+ T (16)

F+1 =" (17)

In the presence of iodide, the iodine radical formed in reac-
tion 16 is rapidly converted to I,~*, which is more stable. Diio-
dide radicals will decay by disproportionation reaction 9. The
reactive iodine radical could give unwanted side reactions, but
we did not find evidence for this in the literature. Photogener-
ated I,7* gives rise to a cathodic photocurrent in mesoporous
NiO solar cells.>® The system acts as photogalvanic solar cell:
photogenerated I, in the electrolyte injects holes into the
valence band of the wide bandgap p-type semiconductor NiO.
In TiO,-based DSCs, 1,7* is expected to accept electrons from
the TiO, conduction band or the conducting substrate, giving
additional recombination.

Long-term exposure of a DSC to sunlight can lead to loss
of triiodide in the cell. Absorption of UV light by TiO, leads to
formation of an electron—hole pair. If the hole reacts with
iodide, no harm is done, and the DSC will function as usual.
If the hole reacts with an organic molecule, for instance, a sol-
vent molecule, no triiodide is formed. The electron still
reduces I3~ at the counter electrode. Eventually, this will lead
to depletion of I3~ in the DSC. It is therefore essential to pre-
vent direct excitation of TiO, in DSCs by a UV-filter.

Corrosion. The iodide/triiodide redox electrolyte is highly
corrosive and attacks most metals. Even vapor-deposited plat-
inum, frequently used as a catalyst on the counter electrode,
is reported to dissolve in this electrolyte.>” Thermally plati-
nized conducting glass, on the other hand, appears to be sta-
ble in long-term solar cell tests. DSC modules generally use
metal current collectors (usually silver) on the FTO substrates
to reduce series resistance losses. An imperfect DSC sealing
can result in electrolyte leakage and degradation of the cur-
rent collectors. The use of a gelled electrolyte can prevent
leakage.

Alternative Redox Mediators

Bromide and pseudohalides have a similar chemistry as
iodide, behave similarly in DSCs, and have therefore also sim-
ilar drawbacks. The Br=/Br;~,>® SCN7/(SCN);~,>° and
SeCN~/(SeCN);~>2€9 redox couples have been tested with
some success. Selenocyanate-based ionic liquid electrolytes
gave very encouraging performance.®®

Some success was also obtained with one-electron redox
systems, such as cobalt(ll/1l)®" and copper(l/11)®? coordination
complexes, and organic mediators, such as TEMPO.%3 Rapid
electron recombination was found in case of the Fc*/Fc, but
this couple could be made to function by passivating the TiO,
surface using polysiloxane.> The redox electrolyte in the DSC
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may also be replaced by a solid-state organic hole conduc-
tor, such as 2,2%,7,7-tetrakis-(N,N-di-p-methoxypheny-
lamine)9,9"-spirobifluorene (spiro-MeOTAD).%*

Outlook

The iodide/triiodide couple will probably be unsurpassed as a
redox mediator for dye-sensitized solar cells for some time to
come. The Kinetics of recombination between electrons in the
TiO, and triiodide in the electrolyte are extremely slow and
favorable compared with most alternatives investigated to
date. The regeneration of the oxidized dye is rapid, but this
comes at the high cost of a potential loss of about 0.75 V.
There is still limited room for improvement for DSCs with [7/15~
as the redox mediator: dyes with improved light absorption
and less potential loss during the regeneration process com-
pared with Ru(dcbpy)»(NCS), may be developed.

With the growing ability to master the semiconductor/dye/
electrolyte interface and control recombination reactions, we
will be able to use alternative redox mediators or hole con-
ductors that have redox potentials up to 0.5 V more positive
than that of iodide/triiodide. Eventually, DSCs based on these
mediators may match or overtake I7/I37-based DSCs in terms
of solar cell efficiency.

We thank the Swedish Energy Agency, the Knut and Alice Wal-
lenberg Foundation, and the Swedish Research Council for
financial support. Ze Yu (KTH, Stockholm) is thanked for exper-
imental results shown in Figure 5.

BIOGRAPHICAL INFORMATION

Gerrit Boschloo was born 1966 in Gorssel, The Netherlands. He
received a Ph.D. in chemistry from Delft University of Technol-
ogy (1996). He held postdoctoral positions at University College
Dublin, Ireland, with Prof. D.J. Fitzmaurice and at Uppsala Univer-
sity, Sweden, with Anders Hagfeldt. After a period as a researcher
at the Royal Institute of Technology in Stockholm, he currently
holds a position as an Associate Professor at the Department of
Physical and Analytical Chemistry, Uppsala University.

Anders Hagfeldt was born in Norrkdping, Sweden, in 1964. He
received a Ph.D. in physical chemistry from Uppsala University
(1993) and worked as a postdoctoral fellow with Professor
Michael Gratzel at EPFL in Lausanne, Switzerland. At present, he
is a Professor at the Department of Physical and Analytical Chem-
istry at Uppsala University and Director of the Center for Molec-
ular Devices at the Royal Institute of Technology, Stockholm. He
is a visiting professor at Dalian University of Technology and at
the Institute of Materials Research and Engineering, Singapore. He
is the Dean of Chemistry at Uppsala University.

lodide/Triiodide Redox Mediator in DSCs Boschloo and Hagfeldt

REFERENCES

1 Chiba, Y.; Islam, A.; Watanabe, Y.; Komiya, R.; Koide, N.; Han, L. Dye-Sensitized
Solar Cells with Conversion Efficiency of 11.1%. s 2006, 45,
L638-1640.

2 (O'Regan, B.; Gratzel, M. A Low-Cost, High-Efficiency Solar Cell Based on Dye-
Sensitized Colloidal Titanium Dioxide Films. Agfuge 1991, 353, 737-740.

3 Hagfeldt, A.; Grétzel, M. Molecular Photovoltaics. gimistsiimias. 2000, 33, 269
277,

4 Ardo, S.; Meyer, G. J. Photodriven Heterogeneous Charge Transfer with Transition-
Metal Compounds Anchored to TiO2 Semiconductor Surfaces. it
2009, 38, 115-164.

5 Datta, J.; Bhattacharya, A.; Kundu, K. K. Relative Standard Electrode Potentials of
Triiodide/lodide, lodine/Triiodide and lodine/lodide Redox Couples and the Related
Formation Constants of 13- in Some Pure and Mixed Dipolar Aprotic Solvents. Bull
(iaiimbaamias 1988, 67, 1735-1742.

6 Stanbury, D. M.; Sykes, A. G. Advances in Inorganic Chemistry, Academic Press:
New York, 1989; Vol. 33; p 69.

7 Wang, X.; Stanbury, D. M. The Oxidation of lodide by a Series of Fe(lll) Complexes in
Acetonitrile. ogacmimag 2006, 45, 3415-3423.

8 Nazeeruddin, M. K.; Kay, A.; Rodicio, I.; Humphry-Baker, R.; Miiller, E.; Liska, P.;
Vlachopoulos, N.; Grétzel, M. Conversion of Light to Electricity by cis-X,Bis(2,2’-
bipyridyl-4,4’-dicarboxylate)ruthenium(ll) Charge-Transfer Sensitizers (X = CI~, Br~,
I, CN~, and SCN™) on Nanocrystalline Titanium Dioxide Electrodes. gtk
Soc. 1993, 115, 6382-6390.

9 Haque, S. A.; Palomares, E.; Cho, B. M.; Green, A. N. M.; Hirata, N.; Klug, D. R.;
Durrant, J. R. Charge Separation versus Recombination in Dye-Sensitized
Nanocrystalline Solar Cells: The Minimization of Kinetic Redundancy. pmtimistas
Soc. 2005, 127, 3456.

10 Haque, S. A.; Tachibana, Y.; Klug, D. R.; Durrant, J. R. Charge Recombination
Kinetics in Dye-Sensitized Nanocrystalline Titanium Dioxide Films under Externally
Applied Bias. pniiiitaiitiial 1998, 702, 1745-1749.

11 Pelet, S.; Moser, J.-E.; Grétzel, M. Cooperative Effect of Adsorbed Cations and
lodide on the Interception of Back Electron Transfer in the Dye Sensitization of
Nanocrystalline TiO,. siiiiattial 2000, 704, 1791-1795.

12 Clifford, J. N.; Palomares, E.; Nazeeruddin, M. K.; Grétzel, M.; Durrant, J. R. Dye
Dependent Regeneration Dynamics in Dye Sensitized Nanocrystalline Solar Cells:
Evidence for the Formation of a Ruthenium Bipyridyl Cation/lodide Intermediate. J.
Eemiaiat 2007, 7177, 6561-6567.

13 Kuciauskas, D.; Freund, M. S.; Gray, H. B.; Winkler, J. R.; Lewis, N. S. Electron
Transfer Dynamics in Nanocrystalline Titanium Dioxide Solar Cells Sensitized with
Ruthenium or Osmium Polypyridyl Complexes. piiiinitiial 2001, 705, 392—
403.

14 Montanari, I.; Nelson, J.; Durrant, J. R. lodide Electron Transfer Kinetics in Dye-
Sensitized Nanocrystalline TiO, Films. gniiiaSttial 2002, 106, 12203-12210.

15 Mori, S. N.; Kubo, W.; Kanzaki, T.; Masaki, N.; Wada, Y.; Yanagida, S. Investigation
of the Effect of Alkyl Chain Length on Charge Transfer at TiOo/Dye/Electrolyte
Interface. pniiiitnitaiag 2007, 771, 3522-3527.

16 Heimer, T.; Heilweil, E.; Bignozzi, C.; Meyer, G. Electron Injection, Recombination,
And Halide Oxidation Dynamics at Dye-Sensitized Metal Oxide Interfaces. LS,
Lhem 42000, 104, 4256-4262.

17 Alebbi, M.; Bignozzi, C. A.; Heimer, T. A.; Hasselmann, G. M.; Meyer, G. J. The
Limiting Role of lodide Oxidation in ¢is-0s(dch)»(CN)o/TiO, Photoelectrochemical
Cells. pmiiutmtaiiag 1998, 102, 7577-7581.

18 Bauer, C.; Boschloo, G.; Mukhtar, E.; Hagfeldt, A. Interfacial Electron-Transfer
Dynamics in Ru(tcterpy)(NCS)s-Sensitized TiO, Nanocrystalline Solar Cells. LL4us,
Lhem £2002, 106, 12693-12704.

19 Li, X. Y.; Long, N. J.; Clifford, J. N.; Campbell, C. J.; Durrant, J. R. New Peripherally-
Substituted Naphthalocyanines: Synthesis, Characterisation and Evaluation in Dye-
Sensitised Photoelectrochemical Solar Cells. igibminaga- 2002, 26, 1076-1080.

20 Tatay, S.; Haque, S. A.; O’Regan, B.; Durrant, J. R.; Verhees, W. J. H.; Kroon, J. M.;
Vidal-Ferran, A.; Gavina, P.; Palomares, E. Kinetic Competition in Liquid Electrolyte
and Solid-State Cyanine Dye Sensitized Solar Cells. yuidiitimiagas. 2007, 77,
3037-3044.

21 Nord, G.; Pedersen, B.; Farver, 0. Outer-Sphere Oxidation of lodide and Thiocyanate
by Tris(2,2’-bipyridyl)- and Tris(1,10-phenanthroling)osmium(lll) in Aqueous
Solutions. akdmmaa. 1978, 17, 2233-2238.

22 Nord, G.; Pedersen, B.; Floryan, L.; Pagsberg, P. Outer-Sphere Oxidation. 2. Pulse-
Radiolysis Study of the Rates of Reaction of the I,~* and (SCN),* Radical Anions
with the Tris(2,2’-bipyridyl) Complexes of Osmium(ll) and Osmium(lll). gk
1982, 21, 2327-2330.

Vol. 42, No. 11 = November 2009 = 1819-1826 = ACCOUNTS OF CHEMICAL RESEARCH = 1825



lodide/Triiodide Redox Mediator in DSCs Boschloo and Hagfeldt

23 Nogueira, A. F.; Paoli, M. A. D.; Montanari, I.; Monkhouse, R.; Nelson, J.; Durrant,
J. R. Electron Transfer Dynamics in Dye Sensitized Nanocrystalline Solar Cells Using
a Polymer Electrolyte. pniiiitmistsia 2001, 705, 7517-7524.

24 Boschloo, G.; Hagfeldt, A. Photoinduced Absorption Spectroscopy as a Tool in the
Study of Dye-Sensitized Solar Cells. jinifmiiiaigig 2008, 367, 729-734.

25 Fitzmaurice, D. J.; Frei, H. Transient near-Infrared Spectroscopy of Visible Light
Sensitized Oxidation of lodide at Colloidal Titania. Lagagud 1991, 7, 1129-1137.

26 Privalov, T.; Boschloo, G.; Hagfeldt, A.; Svensson, P. H.; Kloo, L. A Study of the
Interactions between I7/I;~ Redox Mediators and Organometallic Sensitizing Dyes in
Solar Cells. pnitiutmisitiiag 2009, 773, 783-790.

27 Treinin, A.; Hayron, E. Laser Photolysis of lodide lons: Spectroscopic Evidence for
lodine Atoms and Kinetics of Their Reaction with lodide in Various Solvents. [gfJ
miniiosentiony 1975, 7, 387-393.

28 Nasr, C.; Hotchandani, S.; Kamat, P. V. Role of lodide in Photoelectrochemical Solar
Cells. Electron Transfer between lodide lons and Ruthenium Polypyridyl Complex
Anchored on Nanocrystalline SiO, and SnO,, Films. sttt 1998, 7102,
4944-4951.

29 Thompson, D. W.; Kelly, C. A.; Farzad, F.; Meyer, G. J. Sensitization of
Nanocrystalline TiO, Initiated by Reductive Quenching of Molecular Excited States.
Lanamiir1999, 15, 650-653.

30 Wang, P.; Wenger, B.; Humphry-Baker, R.; Moser, J. E.; Teuscher, J.; Kantlehner,
W.; Mezger, J.; Stoyanov, E. V.; Zakeeruddin, S. M.; Gratzel, M. Charge Separation
and Efficient Light Energy Conversion in Sensitized Mesoscopic Solar Cells Based on
Binary lonic Liquids. pmisimislmies. 2005, 727, 6850-6856.

31 Gardner, J. M.; Giaimuccio, J. M.; Meyer, G. J. Evidence for lodine Atoms as
Intermediates in the Dye Sensitized Formation of |—I Bonds. piimiasiies.
2008, 130, 17252—-17253.

32 Papageorgiou, N.; Maier, W. F.; Grétzel, M. An lodine/Triiodide Reduction
Electrocatalyst for Aqueous and Organic Media. pimiimianimsmiing. 1997, 144,
876-884.

33 Murakami, T. N; Ito, S.; Wang, Q.; Nazeeruddin, M. K.; Bessho, T.; Cesar, |.; Liska,
P.; Humphry-Baker, R.; Comte, P.; Pechy, P.; Gratzel, M. Highly Efficient Dye-
Sensitized Solar Cells Based on Carbon Black Counter Electrodes. nintttaatae
Soc. 2006, 153, A2255-A2261.

34 Saito, Y.; Kitamura, T.; Wada, Y.; Yanagida, S. Application of Poly(3,4-
ethylenedioxythiophene) to Counter Electrode in Dye-Sensitized Solar Cells. Chgm,
Lett. 2002, 1060-1061.

35 Gregg, B. A.; Pichot, F.; Ferrere, S.; Fields, C. L. Interfacial Recombination
Processes in Dye-Sensitized Solar Cells and Methods To Passivate the Interfaces. J.
ittt 2001, 705, 1422-1429.

36 Huang, S.Y.; Schlichthérl, G.; Nozik, A. J.; Gratzel, M.; Frank, A. J. Charge
Recombination in Dye-Sensitized Nanocrystalline TiO, Solar Cells. gl
1997, 101, 2576-2582.

37 Liu, Y.; Hagfeldt, A.; Xiao, X.-R.; Lindquist, S.-E. Investigation of Influence of Redox

Species on the Interfacial Energetics of a Dye-Sensitized Nanoporous TiO, Solar Cell.

1998, 55, 267-281.

38 Cameron, P. J.; Peter, L. M. How Does Back-Reaction at the Conducting Glass
Substrate Influence the Dynamic Photovoltage Response of Nanocrystalline Dye-
Sensitized Solar Cells? pniiiimiitiiag 2005, 709, 7392—7398.

39 Schlichthdrl, G.; Huang, S.Y.; Sprague, J.; Frank, A. J. Band Edge Movement and
Recombination Kinetics in Dye-Sensitized Nanocrystalline TiO, Solar Cells: A Study
by Intensity Modulated Photovoltage Spectroscopy. J. Phys. Chem. B1997, 101,
8139-8153.

40 Zaban, A.; Greenshtein, M.; Bisquert, J. Determination of the Electron Lifetime in
Nanocrystalline Dye Solar Cells by Open-Circuit Voltage Decay Measurements.
meaEEsseakas 2003, 4, 859-864.

41 Nakade, S.; Kanzaki, T.; Kubo, W.; Kitamura, T.; Wada, Y.; Yanagida, S. Role of
Electrolytes on Charge Recombination in Dye-Sensitized TiO, Solar Cell (1): The
Case of Solar Cells Using the I7/I;~ Redox Couple. pmiiiiimisisiial 2005, 709,
3480-3487.

42 Boschloo, G.; Haggman, L.; Hagfeldt, A. Quantification of the Effect of 4-tert-
Butylpyridine Addition to 17/l;~ Redox Electrolytes in Dye-Sensitized Nanostructured
TiO, Solar Cells. pmisiimisisiia 2006, 770, 13144-13150.

43 0'Regan, B. C.; Durrant, J. R. Calculation of Activation Energies for Transport and
Recombination in MesoporousTiO./Dye/Electrolyte Films Taking into Account

Surface Charge Shifts with Temperature. pniistatitiiag 2006, 770, 8544-8547.

44 Kumar, A.; Santangelo, P. G.; Lewis, N. S. Electrolysis of Water at Strontium
Titanate (SrTiO5) Photoelectrodes: Distinguishing between the Statistical and

Stochastic Formalisms for Electron-Transfer Processes in Fuel-Forming
Photoelectrochemical Systems. pittmisaaa 1992, 96, 834-842.

45 Kopidakis, N.; Neale, N. R.; Frank, A. J. Effect of an Adsorbent on Recombination
and Band-Edge Movement in Dye-Sensitized TiO, Solar Cells: Evidence for Surface
Passivation. sniimisiiag 2006, 770, 12485-12489.

46 Zhang, Z.; Evans, N.; Zakeeruddin, S. M.; Humphry-Baker, R.; Gréatzel, M. Effects of
w-Guanidinoalkyl Acids as Coadsorbents in Dye-Sensitized Solar Cells. L4,
Lhem (2007, 171, 398-403.

47 Green, A. N. M.; Chandler, R. E.; Haque, S. A.; Nelson, J.; Durrant, J. R. Transient
Absorption Studies and Numerical Modeling of lodine Photoreduction by
Nanocrystalline TiO, Films. gniiifmisitiiag 2005, 709, 142-150.

48 0'Regan, B. C.; Lopez-Duarte, I.; Martinez-Diaz, M. V.; Forneli, A.; Albero, J.;
Morandeira, A.; Palomares, E.; Torres, T.; Durrant, J. R. Catalysis of Recombination
and lts Limitation on Open Circuit Voltage for Dye Sensitized Photovoltaic Cells Using
Phthalocyanine Dyes. pisimiiitaimisag. 2008, 730, 2906—2907.

49 Reynal, A.; Forneli, A.; Martinez-Ferrero, E.; Sanchez-Diaz, A.; Vidal-Ferran, A.;
0’Regan, B. C.; Palomares, E. Interfacial Charge Recombination between e~ —Ti0,
and the I7/1s~ Electrolyte in Ruthenium Heteroleptic Complexes: Dye Molecular
Structure-Open Circuit Voltage Relationship. pimfiisimisas. 2008, 730, 13558—
13567.

50 Miyashita, M.; Sunahara, K.; Nishikawa, T.; Uemura, Y.; Koumura, N.; Hara, K.;

Mori, A.; Abe, T.; Suzuki, E.; Mori, S. Interfacial Electron-Transfer Kinetics in Metal-

Free Organic Dye-Sensitized Solar Cells: Combined Effects of Molecular Structure of

Dyes and Electrolytes. piiimiitaimisgg 2008, 730, 17874-17881.

0’Regan, B. C.; Walley, K.; Juozapavicius, M.; Anderson, A.; Matar, F.; Ghaddar, T.;

Zakeeruddin, S. M.; Klein, C.; Durrant, J. R. Structure/Function Relationships in

Dyes for Solar Energy Conversion: A Two-Atom Change in Dye Structure and the

Mechanism for Its Effect on Cell Voltage. pmfusmiiasimiieg. 2009, 737, 3541-

3548.

52 Papageorgiou, N.; Grétzel, M.; Infelta, P. P. On the Relevance of Mass Transport in
Thin Layer Nanocrystalline Photoelectrochemical Solar Cells. |
Lells 1996, 44, 405-438.

53 Zistler, M.; Wachter, P.; Wasserscheid, P.; Gerhard, D.; Hinsch, A.; Sastrawan, R.;
Gores, H. J. Comparison of Electrochemical Methods for Triiodide Diffusion
Coefficient Measurements and Observation of Non-Stokesian Diffusion Behaviour in
Binary Mixtures of Two lonic Liquids. intisttilmieis 2006, 52, 161-169.

54 Kubo, W.; Kambe, S.; Nakade, S.; Kitamura, T.; Hanabusa, K.; Wada, Y.; Yanagida,
S. Photocurrent-Determining Processes in Quasi-Solid-State Dye-Sensitized Solar
Cells Using lonic Gel Electrolytes. pmiistmisitiial 2003, 7107, 4374-4381.

55 Roy, J. C.; Hamill, W. H.; Williams, R. R. Diffusion Kinetics of the Photochemical and
Thermal Dissociation-Recombination of Trihalide lons. ptmiihasimies. 1955, 77,
2953-2957.

56 Zhu, H.; Hagfeldt, A.; Boschloo, G. Photoelectrochemistry of Mesoporous NiO
Electrodes in lodide/Triiodide Electrolytes. piniiiiimiisiiag 2007, 777, 17455
17458.

57 Olsen, E.; Hagen, G.; Lindquist, S.-E. Dissolution of Platinum in Methoxy
Propionnitrile Containing Lil/l,. 2000, 63, 267-273.

58 Ferrere, S.; Zaban, A.; Gregg, B. A. Dye Sensitization of Nanocrystalline Tin Oxide by
Perylene Derivatives. pniiiiimiiial 1997, 707, 4490-4493.

59 Oskam, G.; Bergeron, B. V.; Meyer, G. J.; Searson, P. C. Pseudohalogens for Dye-
Sensitized TiO, Photoelectrochemical Cells. pniiiiimiiaiiag 2001, 705, 6867—
6873.

60 Wang, P.; Zakeeruddin, S. M.; Moser, J.-E.; Humphry-Baker, R.; Grétzel, M. A
Solvent-Free, SeCN~/(SeCN);~ Based lonic Liquid Electrolyte for High-Efficiency
Dye-Sensitized Nanocrystalline Solar Cells. pfimiittiinigg 2004, 726, 7164—
7165.

61 Nusbaumer, H.; Moser, J.-E.; Zakeeruddin, S. M.; Nazeeruddin, M. K.; Gratzel, M.
Coll(dbbip),>" Complex Rivals Tri-iodide/lodide Redox Mediator in Dye-Sensitized
Photovoltaic Cells. pmiitmiitini 2001, 705, 10461-10464.

62 Hattori, S.; Wada, Y.; Yanagida, S.; Fukuzumi, S. Blue Copper Model Complexes
with Distorted Tetragonal Geometry Acting as Effective Electron-Transfer Mediators
in Dye-Sensitized Solar Cells. pfsimiitasimiag 2005, 727, 9648-9654.

63 Zhang, Z.; Chen, P.; Murakami, T. N.; Zakeeruddin, S. M.; Grétzel, M. The 2,2,6,6-
Tetramethyl-1-piperidinyloxy Radical: An Efficient, lodine-Free Redox Mediator for
Dye-Sensitized Solar Cells. fsnitimbigis:. 2008, 78, 341-346.

64 Bach, U.; Lupo, D.; Comte, P.; Moser, J. E.; Weissortel, F.; Salbeck, J.; Spreitzer,
H.; Gratzel, M. Solid-State Dye-Sensitized Mesoporous TiO2 Solar Cells with High
Photon-to-Electron Conversion Efficiencies. Agfuze 1998, 395, 583-585.

5

=

1826 = ACCOUNTS OF CHEMICAL RESEARCH = 1819-1826 = November 2009 = Vol. 42, No. 11





