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1. INTRODUCTION

Dye-Sensitized solar cells (DSSCs) are one of the emerging
solar technologies that offers the potential to reduce the cost of
photovoltaic electricity generation. Over the last 20 years there has
been extensive academic and, increasingly, commercial interest in
this technology. This was initiated by the report by O’Regan and
Gr€atzel in 1991 of an efficient photovoltaic device based on a
mesoporous, nanocrystalline titania electrode sensitized to visible
light by the adsorption of a ruthenium bipyridyl dye in the presence
of an iodide/iodine redox electrolyte.1 Over this period, there has
been great progress in the materials composition of such devices
not only to enhance device efficiency, but also to improve stability
and processability and to reduce production costs. These materials
advances have been reviewed extensively elsewhere.2�8 In parallel
with these materials advances, great progress has been made at
understanding the science of the processes underlying device
performance.9�13 In this review, we focus upon relating these
two areas, considering how advances in fundamental understanding
of function can help guide materials and device development.

The primary energy conversion process in dye-sensitized solar
cells is a photoinduced charge separation at the metal oxide/dye/
electrolyte interface. Initial studies of this charge separation were
largely based uponmodel system studies such as dye sensitizedmetal
oxide films in the absence of redox electrolyte or solar irradiation.
Such studies have allowed us to develop some understanding of the
parameters determining these charge separation kinetics, as we and
others have reviewed elsewhere.3,11,12,14�17 In parallel with these
studies, time and frequency domain photoelectochemical analyses
have made great progress in developing a detailed picture of
overall device function,18�24 although such studies lack the time

resolution to analyze the charge separation processes in detail. It
is only relatively recently that transient kinetic studies have
focused upon the measurement of charge separation kinetics
under conditions relevant to device operation, and tried to
correlate these kinetics directly with photovoltaic device perfor-
mance. In this review, we focus specifically upon this issue. We
start with an overview of device function, with a particular focus
on charge separation. We then go on to consider in more detail
the two key kinetic competitions which can limit the efficiency of
charge separation and thereby device performance: electron
injection versus excited state decay to ground and dye regeneration
versus electron recombination with dye cations. Throughout our
review, we consider the impact ofmaterials and device design upon
these kinetics, and furthermore the lessons which can be learned
from such kinetic studies for future materials optimization.

2. OVERVIEW OF DYE-SENSITIZED SOLAR CELL
FUNCTION

2.1. Device Composition. Figure 1 is a schematic of the com-
ponents of a DSSC. At the heart of the system is a mesoporous
oxide layer composed of nanometre-sized particles that have
been sintered together to allow electronic conduction to take
place. The material of choice has been TiO2 (anatase) although
alternative wide-gap oxides such as ZnO, SnO2, and Nb2O5 have
also been investigated.25�34 Attached to the surface of the
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nanocrystalline film is a monolayer of a sensitizer dye. The most
widely studied sensitizer dye is the Ru-bipyridyl dyeN719, which
is the ditetrabutyl-ammonium salt of RuL2(NCS)2 where L = 4,
40-dicarboxy-2,20-bipyridine. Photoexcitation of the sensitizer
dye results in the injection of an electron into the conduction
band of the oxide, generating the oxidized form of the dye
(referred to herein as Sþ or Dþ, although we note that the
oxidized dye does not always have a formal positive charge). We
note that to save space we will use the term “conduction band” to
refer generically to electron acceptor states in the oxide. (These
acceptor states may be an extension of a bulk conduction band to
the surface, with a parabolic density of states (DOS) at the
conduction band edge. Alternatively, these states may be localized
or extended surface states whose DOS in the energetic region of
the injectionmay have other shapes, such as an exponential form as
discussed below). After electron injection, the ground state of the
dye is subsequently restored by electron donation from the elec-
trolyte; this step is often referred to as the regeneration reaction.
The electrolyte is usually an iodide/triiodide redox couple dissolved
in a liquid organic solvent, although attention is increasingly focusing
on alternatives for the solvent, including ionic liquids, gelled elec-
trolytes, polymer electrolytes, and water-based electrolytes.35�43

The regeneration of the sensitizer by iodide intercepts the
recapture of the injected electron by the oxidized dye. The iodide
is in turn regenerated by the reduction of triiodide at the counter
electrode, with the electrical circuit being completed via electron
migration through the external load. The high surface area of the
mesoporous metal oxide film is critical to efficient device
performance as it allows strong absorption of solar irradiation
to be achieved by only a monolayer of adsorbed sensitizer dye.
Whereas a dye monolayer absorbed on a flat interface exhibits
only negligible light absorption (the optical absorption cross-
sectional areas for molecular dyes being typically 2�3 orders of
magnitude smaller than their physical cross sections), the use of a
mesoporous film dramatically enhances the interfacial surface
area over the geometric surface area, by up to a 1000-fold for a
10 μm thick film, leading to high visible-light absorbance from
the many successive monolayers of adsorbed dye in the optical
path. Another advantage of the use of a dye monolayer is that

there is no requirement for exciton diffusion to the dye/metal
oxide interface; moreover, the nonradiative quenching of excited
states often associated with thicker molecular films is avoided.
The high surface area of such mesoporous films does, however,
have a significant downside, as it also enhances interfacial charge-
recombination losses, a topic we return to in more detail below.
There are extensive efforts to develop alternative material

components for DSSCs to improve device efficiency, stability,
cost and/or processability. These include alternative metal ox-
ides and metal oxide nanostructures (e.g., nanowires),26�28

alternative sensitizer dyes including in particular organic rather
than inorganic co-ordination dyes;4,25,44�47 alternative electro-
lyte components including alternative solvents, redox couples,
and additives;6,48�53 and replacing the redox electrolyte with a
solid-state hole conductor, which may be either inorganic.54,55 or
organic.56 Devices efficiencies for such solid-state DSSCs are as yet
limited to∼5%,2,57 in contrast to efficiencies of over 11% achieved for
the more widely studied redox electrolyte-based DSSCs.58 In all such
materials changes, there is an increasing appreciation that changing
any one materials component of the device is likely to impact upon
more than one of the key functional processes determining device
performance, underlining the importance of undertaking such mate-
rials changes in parallel with detailed functional studies.
2.2. Energetics of Operation. Charge separation in DSSCs

can be regarded as a two-step redox cascade, resulting in the
injection of electrons into the TiO2 electrode and the subsequent
oxidation of the redox electrolyte, with the latter also resulting in
regeneration of the dye ground state. Figure 2 shows typical
values for the interfacial energetics in a DSSC. Both the injection
and regeneration charge-separation reactions are thermodyna-
mically downhill. The kinetics, energetics and quantum efficiency
of injection and regeneration will be reviewed in detail in sections
4 and 5 of this article.

Figure 1. Schematic of a liquid electrolyte dye-sensitized solar cell.
Photoexcitation of the sensitizer dye is followed by electron injection
into the conduction band of the mesoporous oxide semiconductor, and
electron transport through the metal oxide film to the TCO-coated glass
working electrode. The dyemolecule is regenerated by the redox system,
which is itself regenerated at the platinised counter electrode by
electrons passed through the external circuit.

Figure 2. Energetics of operation of DSSCs. The primary free-energy
losses are associated with electron injection from the excited sensitizer
into the TiO2 conduction band and regeneration of the dye by the redox
couple. The voltage output of the device is approximately given by the
splitting between the TiO2 Fermi level (dashed line) and the chemical
potential of the redox electrolyte.We note that in this typical diagram the
conduction band energy is a one-electron energy, not a free energy. We
explain the placement of the conduction band edge approximately
isoenergetic to the dye excited state in the text.
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Following charge separation, charge collection from the device
requires transport of the photogenerated charges to their respec-
tive electrodes. For an efficient DSSC under AM1.5 solar
irradiance, these charge fluxes are of the order of 20 mA cm�2.
The high ionic concentrations in the device effectively screen out
any macroscopic electric fields, thereby removing any significant
drift component of these transport processes. The transport of
both electrons and redox ions are therefore both primarily driven
by diffusion processes resulting from concentration gradients.
Under optimum conditions (e.g., good TiO2 nanoparticle inter-
connections and a low-viscosity electrolyte), these charge-trans-
port processes (electrons toward the FTO working electrode,
triiodide toward the counter electrode) can be efficiently driven
with only modest concentration gradients, and therefore only
small free energy losses. At the counter electrode, the triiodide is
rereduced back to iodide, the platinumcatalyst enabling this reaction
to proceed with minimal overpotential. A similarly ohmic contact
can be achieved at the TiO2/FTO interface. It is thus apparent
that the energetics at the TiO2/dye/electrolyte interface are of
primary importance in determining the overall device output.
Power output from the DSSC requires not only efficient

charge separation and collection by the electrodes, resulting in
a photocurrent, but also the generation of a photovoltage, corre-
sponding to a free energy difference between the working and
counter electrodes. In the dark at equilibrium, the Fermi energy
of the TiO2 electrode (corresponding to the free energy of
electrons in this film after thermalisation) equilibrates with the
midpoint potential of the redox couple, resulting in zero output
voltage. Under these conditions, the TiO2 Fermi level lies deep
within the band gap of the semiconductor, and the film is effec-
tively insulating, with a negligible electron density in the TiO2

conduction band. Photoexcitation results in electron injection
into the TiO2 conduction band and concomitant hole injection
into (oxidation of) the redox electrolyte. The high concentra-
tions of oxidized and reduced redox couple present in the elec-
trolyte mean that this electrolyte photooxidation process does
not result in a significant change in chemical potential of the
electrolyte, which remains effectively fixed at its dark, resting
value. In contrast, electron injection into the TiO2 conduction
band results in a dramatic increase in electron density (from the
order of 1 � 1013 cm�3 to 1 � 1018 cm�3), raising the TiO2

Fermi level toward the conduction-band edge. This shift of the
TiO2 Fermi level under irradiation corresponds to an increase in
the stored free energy of injected electrons and is responsible for
the generation of the photovoltage in the external circuit.
The midpoint potential of the redox couple is given by the

Nernst equation, and is therefore dependent on the relative
concentrations of iodide and iodine. The concentrations of these
species required for efficient device function are in turn constrained
by kinetic requirements of dye regeneration at theworking electrode,
and iodide regeneration at the counter electrode, as discussed below.
Typical concentrations of these species are in the range 0.1�0.7 M
iodide and 10�200 mM iodine, constraining the midpoint potential
of this electrolyte to∼0.3V vs.NHE. It should furthermore be noted
that in the presence of excess iodide, the iodine is primarily present in
the form I3

�, resulting in this electrolyte often being referred to as an
iodide/triiodide redox couple.
Determining the energetics of the TiO2 conduction band is

more complex. As with most oxides, the surface of TiO2 may be
more or less protonated depending on the proton activity of the
surrounding medium. The resultant changes in surface charge
cause the surface potential to exhibit a Nernstian dependence on

effective pH, shifting by 60 mV per pH unit when in water,59,60 as
illustrated in Figure 3. In bulk metal oxides, surface charge can be
associated with significant bending of the conduction and valence
bands adjacent to the surface. However, in the mesoporous TiO2

films employed in DSSCs, the nanoparticles are too small to
support significant band bending under depletion. As a conse-
quence, the whole conduction band of such mesoporous films
shifts with the surface potential. DSSCs typically employ organic
rather than aqueous electrolytes, complicating quantification of the
effective pH. Nevertheless studies in organic solvents have demon-
strated shifts of the conduction band ofmesoporousTiO2 films of up
to 1V depending on the concentration of potential-determining ions
(primarily small cations such as protons or lithium cations) in the
electrolyte.61 For this reason, the concentration of such potential-
determining ions in the electrolyte plays a key role in determining the
energetics of the dye-sensitized interface, and thereby device perfor-
mance. Additives added to the electrolyte to determine such
energetics include Liþ, guanadinium ions, N-methylbenzimidazole
and t-butyl pyridine (the latter two function as bases). Further
influence on these interfacial energetics can be achieved by
variation of the extent of protonation of the sensitizer dye.62

The choice of sensitizer dye energetics is essential to achieve
suitable matching to the metal oxide and redox couple. The
excited-state oxidation potential (Eox* = Em(D

þ/D*)) must be
sufficiently negative to achieve efficient electron injection into
the TiO2 conduction band, while the ground-state oxidation
potential must be sufficiently positive to oxidize the redox couple.
The redox properties of adsorbed sensitizer dyes may differ
significantly from those measured in solution, mainly due to the
high surface-charge densities and dipoles present at this
interface.63 Notwithstanding this, typical dye ground state oxi-
diation potentials empirically found to be compatible with
efficient device function are Em(D

þ/D) > 0.6 V vs. NHE.
2.3. Kinetics of Operation. We present in this section an

overview of electron transfer dynamics in DSSCs. These dy-
namics are then considered in more detail in sections 4 and 5.
Figure 4 illustrates a photochemical view of the function of a
DSSC, illustrating the sequence of electron transfer and charge-
transport processes which result in photovoltaic device function.

Figure 3. Flatband potential of a mesoporous TiO2 film as a function of
the pH value of the aqueous solution. Reproduced with permission from
ref 60. Copyright 1992 American Chemical Society.
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In addition to the forward electron transfer and transport pro-
cesses, this figure also illustrates several competing loss pathways,
shown as black arrows. These loss pathways include decay of the
dye excited state to ground, and charge recombination of injected
electrons with dye cations and with the redox couple. Each charge-
transfer step results in an increased spatial separation of electrons
and holes, increasing the lifetime of the charge-separated state, but
at the expense of reducing the free energy stored in this state. This
functionality exhibits a close parallel to function of photosynthetic
reaction centers. As in natural photosynthesis, kinetic competi-
tions between the various forward and loss pathways are critical to
determining the quantum efficiencies of charge separation and
collection, and are therefore key factors determining energy con-
version efficiency.
It is important to appreciate that the efficiency of electron

injection in DSSCs depends not upon the absolute kinetics of
electron injection, but rather on the magnitude of these injection
kinetics relative to excited-state decay to ground. Typical rates of
excited-state decay vary substantially between sensitizer dyes from
picoseconds to nanoseconds�with consequently very different re-
quirements on the kinetics of electron injection necessary for effi-
cient device function. A further consideration is the potential for
electron injection not only from dye singlet but also triplet excited
states. Such triplet states are typically formed by intersystem
crossing from the singlet excited state, and are longer lived, but less
energetic, than the corresponding singlet state. For inorganic
coordination dyes, such as ruthenium bipyridine analogues,
intersystem crossing from the singlet to triplet state can be as
fast as 1� 1013 s�1. In general, singlet state lifetimes range from
1 � 10�13 to 1 � 10�9 s, and triplet state lifetimes range from
nanoseconds to milliseconds (dependent on the solvent/elec-
trolyte environment). As such, consideration of the efficiency of
electron injection requires careful consideration of not only the rate
of electron injection, but also the kinetics of excited-state decay.
Considering the rate of electron injection from the dye excited

state, this depends upon the electronic coupling between the dye
LUMOorbital and accepting states in the TiO2, and on the number
density of these states at the surface near the dye. In model system
studies of dye-sensitized metal oxide films, electron injection rates

of >1� 1012 s�1 have been reported for a range of sensitizer dyes,
consistent with efficient electron injection.11,16,64 However, it
should be noted that fast electron injection dynamics require
both strong electronic coupling of the dye LUMO orbital to the
metal oxide conduction-band states, and a large density of states
in the TiO2 energetically accessible from the dye excited state.
Following electron injection, injected electrons undergo rapid
thermalisation down to the electron Fermi level of the electrode.
This thermalisation process constitutes a loss in free energy and
is therefore a limitation on device efficiency, as we discuss further
below. The electron injection dynamics are dependent on the
energy of the TiO2 conduction band relative to the dye excited
state oxidation potential. This is turn depends upon the concen-
tration of potential-determining ions (e.g., Liþ) in the electrolyte.
Omission of acidic ions from the electrolyte can result in a high
energy conduction band. The resulting lower density of acces-
sible acceptor states gives slower injection, and can reduce the
quantum yield of charge injection, and thereby lower device
photocurrent.15,65�69

Efficient dye regeneration requires that the rate of rereduction
of the dye cation by the redox couple exceeds that of charge
recombination of injected electrons with these dye cations. This
recombination reaction has been shown to be strongly depen-
dent on the electron density in the TiO2 electrode (or film Fermi
level) and therefore light intensity and cell voltage, accelerating
by at least an order of magnitude between short-circuit and open-
circuit conditions.64 It is furthermore dependent on the spatial
separation of the dye cation (HOMO) orbital from the metal oxide
surface, with the rate constant decaying exponentially with distance,
consistent with electron tunneling theory.70 The regeneration reac-
tion is dependent on the iodide concentration, electrolyte viscosity
and dye structure. For theN719 sensitizer dye, and employing a low-
viscosity electrolyte such as acetonitrile, the regeneration reaction has
a half-time of∼1 μs, sufficiently fast to compete effectively with the
competing recombination reaction and ensuring that the regenera-
tion reaction can be achieved with unity quantum efficiency.31

Efficient charge collection by the external circuit requires the
time constant for electron transport to the collection electrode
to be faster than charge recombination of injected electrons with

Figure 4. State diagram representation of the kinetics of DSSC function. Forward processes of light absorption, electron injection, dye regeneration, and
charge transport are indicated by blue arrows. The competing loss pathways of excited-state decay to ground and electron recombination with dye
cations and oxidized redox couple are shown in gray. The vertical scale corresponds to the free energy stored in the charge-separated states. Note the free
energy of injected electrons is determined by the Fermi level of the TiO2; the figure is drawn assuming a TiO2 Fermi level 0.6 V above the chemical
potential of the redox electrolyte (corresponding to a cell voltage of 0.5�0.6 V, close to the maximum power point of typical DSSCs). Adpated with
permission from ref 3. Copyright 2008 Imperial College Press.
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the redox couple. Electron transport is a diffusive process,
strongly influenced by electron trapping in localized sub-bandgap
states, resulting in the dynamics being strongly dependent on
position of the TiO2 electron Fermi level: raising the Fermi level
toward the conduction-band edge resulting in increased trap
filling. There have been several recent analyses of charge collec-
tion in DSSCs, including detailed consideration of the kinetics
and energetics of these processes.18,19,71 These processes will not
be considered further in this review, except where relevant to our
consideration of the primary charge separation steps of electron
injection and dye regeneration.
The kinetics of charge separation and collection are related to

the energetic losses involved in each of the functional processes
in DSSCs, as we have discussed recently.10 Ultimately, these
energetic losses are the cause of the device output voltage being
significantly less than its optical bandgap�with typical device
voltages atmaximumpower output being in the range 0.6�0.75V,
less than half the absorption onset of typical sensitizer dyes.
These energy losses depend not only upon the materials com-
position of the cell, but also upon the device operating condition.
We consider the balance between kinetics and energetics, and its
impact upon overall device performance, in more detail in sec-
tions 4 and 5 of this review.
2.4. Energetic Losses in DSSCs. Figure 5 illustrates the ener-

getics of DSSC operation for a typical device achieving an overall
power conversion efficiency of ∼9.5%. The bold bars are the
state energies given by the electron and hole chemical potentials
after each step. The lighter bars (and shaded areas) are this same
state energy, reduced by the quantum efficiency (QE) losses up
to that point (State Energy � QE), determined specifically for
the maximum power point (MPP) situation of this typical
moderately efficient DSSC. The differences between the succes-
sive shaded bars show how much each step costs in a real cell
under operation. Also shown (in blue) is the excess energy
generated by the absorption of photons at shorter wavelengths
than the optical band gap, with this excess energy being lost to
excited state thermalisation processes. Large steps down on this
graph indicate where research breakthroughs might cause large
increases in cell efficiency. For the case illustrated, the MPP is

assumed to correspond to a device voltage of 0.65 V and a photon
to electron quantum efficiency of 0.7, yielding 0.65� 0.7 = 0.46 eV
of work extracted per absorbed photon. For a typical DSSC with
the N719 dye, this yields a device efficiency of ∼9.5% under
AM1.5 irradiation. It is apparent that each functional step is asso-
ciated with a free energy loss driving this step. Minimising these
free energy losses, whilemaintaining high quantum efficiencies, is
critical to achieving advances in device efficiency.

3. CHALLENGES IN TRANSIENT KINETIC STUDIES OF
DSSCS

Most studies of the electron transfer dynamics relating to DSSCs
have been undertaken on model systems. The use of such model
systems has largely been motivated by the desire to study a spe-
cific process in isolation. For example, studies of electron re-
combination to photooxidized dyes (Dþ) have typically been
undertaken in the absence of a redox electrolyte, so that the
observed decay dynamics of the Dþ can be assigned directly to
this recombination reaction without having to consider contri-
butions to the dynamics from rereduction of the Dþ by the redox
electrolyte. A further motivation for such model system studies is
that they are technically often easier. For example, the most
widely used experimental technique to study electron injection is
ultrafast pump/probe spectroscopy. Such measurements typi-
cally use relatively high pulse intensities and repetition rates to
achieve adequate signal-to-noise � resulting in relatively high
overall light fluences which can exceed solar fluence by 10�100
fold. In complete DSSCs, where the lifetime of the final charge
separated state (I3

�/e�TiO2
) is on the milliseconds to seconds

time scale, these high light fluences can result in significant charge
accumulation in the device, potentially complicating the inter-
pretation of such experiments. As such, pump/probe studies of
electron injection in DSSC have rotated or translated the cell at
sufficient speed to minimize this charge accumulation, greatly
complicating the execution of such experiments.15�17 This
charge accumulation issue is largely avoided by studying dye
sensitized films without redox couple, as the shorter lifetime of
the charge separated state (in this case dyeþ-/e�TiO2) greatly
reduces charge accumulation. Because of these limitations, very
few pump/probe kinetic studies of electron injection to date have
included a regenerating redox couple in the sample.68,69,72�75 As
an alternative approach, it has recently been shown that time
correlated single photon counting can be employed to study the
kinetics of electron injection in complete devices.76�78 This
technique, althoughmore limited in time resolution, employs much
lower excitation densities, thereby avoiding the charge accumulation
limitations associated with more widely used pump/probe studies.

The importance of undertaking kinetic studies under condi-
tions as closely corresponding to complete devices can be appre-
ciated by consideration of the chemical composition of the
system. Figure 6 shows to scale the composition of a pore of
this film in the presence of a typical electrolyte employed in a
DSSC.10 This schematic neglects electrolyte molecular interac-
tions or surface binding, which is likely to modulate further the
chemical composition of these pores. Note that a typical 1 cm2

cell has 2 μL of electrolyte and a TiO2 surface area on the order of
1000 cm2. A strong adsorption to the surface could therefore fully
deplete the electrolyte of a component initially present ate0.1M.
It is apparent that the pore volume is chemically complex, with a
wide range of molecular and surface interactions which may
modulate not only the relevant energetics but also the interface

Figure 5. State energy diagram of a typical DSSC under one sun
illumination at the maximum power point (MPP). Energy and quantum
efficiency values are approximate and will change depending on dye and
electrolyte composition. Reproduced with permission from ref 10.
Copyright 2009 American Chemical Society.
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structure (and therefore electronic coupling) and local concen-
trations of active species (e.g.: iodide ions). As such, considerable
caution should be taken when relating model system studies
directly to device performance.

A further consideration when relating kinetic studies to device
operation is the impact of device operating conditions. As we
have discussed above, solar irradiation can be expected to increase
significantly the density of electrons in theTiO2, impacting directly
upon the observed interfacial energetics and kinetics. In addition,
solar irradiation results in the development of concentration
gradients in the electrolyte.79,80 This can modulate the concen-
tration of species in the film pores, particularly in cases where the
electrolyte employed is relatively viscous (as often used where
device stability is a priority). Finally, solar irradiation can be
expected to change the electrostatic charge environment of
the interface, as has recently been reported from observation of
Stark effects in transient kinetic studies.81As such, again caution
must be taken relating transient measurements which typically

collected in the dark (apart from the excitation/measurement light)
with device behavior in the light under operation.

4. PRIMARY CHARGE SEPARATION: ELECTRON INJEC-
TION FROM THE DYE EXCITED STATE

4.1. Injection Kinetics in Dye-Sensitized Metal Oxide Film
Studies. Efficient electron injection requires that electron injec-
tion is fast relative to excited state decay to ground. Kinetic
competition between these two processes is critical to determin-
ing the quantum efficiency of charge photogeneration in DSSCs.
In this section we focus upon the rate constant for electron
injection, kinj. Figure 7 shows a schematic of photoinduced ET at
the molecule-semiconductor interface. In general, the system can
be described as a donor-bridge-acceptor complex with amolecule
(electron donor) anchored to the semiconductor nanoparticle
surface (electron acceptor) through a molecular anchoring/
spacer group (bridge). Once the electron is injected into the
semiconductor, it undergoes thermal relaxation and trapping in
intraband states. The high dielectric constant of the TiO2, coupled
with the high ionic strength of the electrolyte, is generally thought
to result in negligible Coulombic interactions between the sensi-
tizer dye cation and the injected electron. As such, there is typically
little evidence for the formation of interfacial charge transfer states,
nor for significant geminate recombination losses in DSSCs.82,83

We note this situation appears to be significantly different from
that observed in organic polymer/fullerene solar cells where,
because of the lower organic film dielectric constant, geminate
recombination of interfacial charge transfer states is thought to
be a key loss pathway.84

The theoretical description of excited-state electron injection
at solid/liquid interfaces into wide-bandgap semiconductors was
developed by Marcus and Gerischer in the late ‘60s.85�87 Recent
advances in theoretical analyses of this process in DSSCs have
been reviewed recently elsewhere.88 The electron injection rate

Figure 6. Schematic of the chemical composition of a typical pore in a complete DSSC filled with redox electrolyte. All components are drawn
approximately to scale, neglecting molecular interactions. Also shown is a HRSEM image of such a pore, and the molecular structure of the N719
sensitizer dye. This illustration neglects intermolecular complexation which is likely to further complicate the chemical composition of the pores.
Reproduced with permission from ref 10. Copyright 2009 American Chemical Society.

Figure 7. Schematic representation of the molecule-semiconductor
nanoparticle interface and the energetic/kinetics scheme determining
the injection yield.
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may be expressed as the sum of ET rates to all possible accepting
states in the semiconductor89

kinj ¼ A
Z

V 2ð1� f ðE, EFÞÞFðEÞexp �ðE� E
�
ox þ λÞ2

4πλkBT

 !
dE

ð1Þ

where E is the absolute energy relative to NHE of the semi-
conductor acceptor state, Eox* is the redox potential of dye
excited state; F(E) is the density of semiconductor acceptor
states at energy E relative to NHE; V is the average electronic
coupling between the dye excited state and different states in the
semiconductor at the same energy E; f(E, EF) is the Fermi
occupancy factor for each semiconductor acceptor state, as
determined from the semiconductor electron Fermi level EF;
and λ is the total reorganization energy for electron injection.
The dye excited state oxidation potential is typically estimated
from Eox* = E(D/D

þ)� E00 where E(D/D
þ) is the ground state

oxidation potential and E00 is the excited state energy estimated
from the midpoint of the dye absorption and emission spectra. A
consequence of the exponential term in eq 1 is that electron
injection occurs optimally to acceptor states λ below the dye
excited state oxidation potential. We discuss below how each of
these factors can impact upon the kinetics of electron injection.
We consider first the impact of the semiconductor acceptor

density of states F(E) in determining the rate constant for
electron injection. Following eq 1, the primary consideration is
the energetics and shape of F(E) relative to the dye excited state
oxidation potential Eox*. Many literature studies are based upon
assuming F(E) corresponds to an ideal semiconductor conduc-
tion band density of states, increasing quadratically above a well-
defined conduction band edge (F(E)� (E� ECBE)

2), supported
by model system studies such as X-ray photoelectron spectro-
scopies taken upon metal oxide films under high vacuum.11,90�92

In papers about electron injection into TiO2, it is typical to draw
this conduction band edge near -0.5 V vs NHE.12,66,93,94 This
tradition probably stems from earlier studies in acidic water and
organic electrolyte without base, where the conduction band was
measured to be at this level.83,95 This conduction band edge is
approximately 200 mV below the excited state oxidation poten-
tial for the widely used N719 sensitizer, typically estimated at
approximately �0.7 V vs NHE, providing an apparent energy
offset to drive ultrafast electron injection. However we note these
studies employed relatively acidic electrolytes (corresponding to
DSSCs with open circuit voltage’s near 0.5 V). Less acidic
electrolytes, such as those employed in most current device
studies, typically yield much higher open circuit voltages, typi-
cally g0.8 V. Consistent with these higher voltages, recent
modeling of transport and recombination in DSSCs employing
such electrolytes typically indicate TiO2 conduction band edges
(or mobility edges) near �0.7 V vs NHE (corresponding to �1
V vs I�/I3

�).23,96�99 Such analyses would place the N719 excited
state approximately energetic with the TiO2 conduction band edge.
A key concern for the analyses of electron injection assuming a

well-defined, parabolic density of states, as discussed in the
preceding paragraph, is that most experimental measurements
of F(E) in the presence of electrolyte observe not a parabolic
density of stateswith awell-defined conduction band edge, but rather
an exponentially increasing density of states, F(E) � exp(E/E0),
with E0 in the range 80�100 meV,23,98,100,101 as illustrated in
Figure 7. Efforts to find the potential at which this exponential

density of states transforms to a parabolic conduction band have
not been successful.102,103 This exponential density of states has
typically been assigned to a tail of relatively localized intraband
states, corresponding to electron poor Ti4þ sites which are
subject to reduction to Ti3þ at a lower potential than the
conduction band (e.g., an oxygen vacancy, or a more electroneg-
ative impurity on the oxygen site). We note that this exponen-
tially increasing density of states may also in part originate from
an inhomogeneous distribution of conduction band edge en-
ergies, resulting for example from differences in nanoparticle
crystal surface or charge.82 Integration of this observed expo-
nential tail of localized states up to the estimated conduction
band energy at�0.7 V yields approximately 5� 1019 states/cm3

of TiO2, corresponding to approximately 200 localized states per
typical nanoparticle the average particle, in good agreement with
modeling studies of trap limited recombination.104,105 A key, and
currently unresolved question, for electron injection in DSSC is
the extent to which electron injection can proceed directly into
these localized states, as we discuss further below.
If injection proceeds from excited dyes into an exponential

band of acceptor states, injection rates should have a similar
exponential relation to changes in the relative energetics of the
dye and acceptor states. Several model systems studies of dye
sensitized metal oxide films have addressed the dependence
of the rate of electron injection upon F(E), including both
comparisons of different metal oxides and studies as a function
of ion concentration in the electrolyte.65�68 For example,
a 7-fold increase in injection dynamics was observed following
addition of 0.1 M Liþ ions to the electrolyte, consistent with
the expected change in the energetics of F(E) with concentra-
tion of this potential determining ion.69 A similar pH depen-
dence of electron injection has also been reported by Lian et al.
in both aqueous and organic solvents.106,107 Similarly differences
in electron injection rates into TiO2, SnO2 and ZnO electrodes
have been shown to be consistent with differences in the densities
of acceptor states between these metal oxides, assigned in part
to differences in electron effective mass between these materials,
Figure 8.16

A second factor determining the energetics, and therefore the
rate, of electron injection is the dye excited state oxidation
potential Eox*. Following eq 1, and assuming injection into
an exponential increasing density of acceptor states with E0 ∼
100 meV, a 100 meV increase in dye excited state energy can be
expected to increase the density of acceptor states, and therefore
kinj, by exp(100/100) � approximately a three-fold increase.

Figure 8. Comparison of electron injection rates to TiO2, ZnO, and
SnO2 fromN3 (the fully protonated analogue of N719). For all samples,
the dye was excited at 400 nm and absorption of injected electrons
probed at 5 μm. Reproduced with permission from ref 66.
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Several studies have reported variations in electron injection rate
constants as a function of dye excited state energy approximately
consistent with this dependence.66,77,78,93,108�111 This energetic
dependence is particularly important for the development of
sensitizer dyes with red-shifted absorption spectra (critical for
enhancing the photocurrent densities in DSSCs9,10), as in general
the lower optical bandgap (E00) will lower the dye excited state
energy and therefore slow down electron injection.112

We note that, on ultrafast time scales, the energy of the dye
excited state may be dependent upon the wavelength of photon
absorbed. The absorption of photons with energies greater than
the optical bandgap (e.g.: blue photons) initially generates ther-
mally hot excited states (as illustrated in Figure 5). Indeed several
model system studies have reported faster electron injection when
employing such blue-shifted optical excitation.66,73,74,113�115 How-
ever, such “hot” electron injection is probably only observed
under conditions where the dye excited state is energetically high
above the conduction band edge (e.g., in the presence of a high
concentration of protons or lithium ions), and is therefore likely
to be relatively unimportant in optimized DSSCs designs re-
ported to date. This conclusion is consistent with device photo-
current data indicating that the internal quantum efficiency
(absorbed photon to electron quantum yield) for photocurrent
generation in most DSSC devices is independent of excitation
wavelength.77 One study found that the reorganization energy
(λ) for electron injection was small (∼0.25 eV), and therefore
would have only a minor impact on the injection rate.69

A more significant consideration for dye excited state ener-
getics, and their impact upon electron injection, is the potential
for injection from both the singlet and triplet excited states of the
dye. This is particularly important for transition metal based
dyes, such as ruthenium bipyridyl dyes, where the presence of a
heavy metal center can result in intersystem crossing from the
singlet to triplet excited states on ultrafast time scales (100 fs or
faster) with a near unity quantum yield. A consideration of the
triplet electron injection and its completion with excited state
decay to ground is given in section 4.2 below.
The final term in eq 1 which should be considered in designing

materials for fast electron injection is the electronic coupling
term V. The magnitude of this coupling is primarily determined
by the spatial overlap between the LUMO orbital of the dye
excited state and the acceptor conduction band orbitals on the
semiconductor. This wave function overlap is dependent both

upon the distance of the dye LUMO orbital from the metal oxide
surface, and the choice of anchoring group. Most studies suggest
that through bond electron coupling, proceeding directly through
anchor group and any spacer units if present, dominates over
through space coupling. The most systematic studies of the
influence of electronic coupling upon electron injection have
employed dyes with nonconjugated spacer units between anchor
group and chromophore, and have typically observed an expo-
nential decrease in injection rate with increased spacer length
(as illustrated in Figure 9).116�125

The position and nature of the anchoring group also plays a
key role in determining the electronic coupling and therefore kinj.
For example, carboxylate anchoring groups have been shown to
favor electron injection by allowing delocalization of the dye
LUMO orbital over this anchoring group toward the metal oxide
surface.1,17,108,116,126�128In addition, for ruthenium bipyridine
dyes, carboxylates have been shown to favor electron injection by
lowering the LUMO energy of the bipyridine unit attached to the
carboxylates, thereby ensuring the dye LUMO orbital is localized
upon the bipyridine unit closest to the metal oxide surface. For
phthalocyanine based dyes we have found that axial out of plane
anchoring groups showed poor injection rates129in comparison
with peripheral anchoring ones; in the latter case the extension of
the conjugation over the anchoring group is likely to play a key
role. Recently Ooyama et al. reported a new type of D�π�A
sensitizer dye employing intermolecular hydrogen bonding to
increase the electron transfer rate.130

An interesting question is raised by the correlation of injection
rates and efficiencies with the energy of the dye excited state
relative to the measured exponential density of semiconductor
acceptor states. The assumption made above is that the dyes
inject into a continuum of states within this distribution. How-
ever, the states themselves are most often described as electron
traps caused by a localized defect. Under this latter model, the
200 trap states per particle mentioned above, even if all on the
surface, results in only one acceptor for every∼4 nm2 of surface.
Thus each dye would be in contact with at most 1 acceptor state,
with a particular energy above or below the energy of the excited
electron on the dye. In this sense the application of single,
homogeneous calculation of electron transfer rate, such as eq 1, is
questionable. If individual dyes are injecting into states with
different energies, a range of injection times would result. This
would be at least qualitatively consistent with experimental

Figure 9. Injected electron traces probing at 2120�2150 cm�1 for ReC1A (b), ReC2A (2), ReC3A ((), ReC4A (1), andReC5A (9), all on SnO2 film
at pH 2. In this figure, the electron injection is followed observing the rise of the IR signal attributed to the electrons absorption in the SnO2. The solid
lines are two-exponential fits to the data. The dashed line is the signal from an unsensitized SnO2 film, which has been already been subtracted from the
other traces. Reproduced with permission from ref 122. Copyright 2003 American Chemical Society.
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observations that injection dynamics are typically characterized
by stretched exponential rather than monoexponential kinet-
ics.15,76,77 Possible refinements to current considerations could
include exciton migration along the dye layer, and/or a different
view of surface “traps” that sees them as dynamic (in energy and
position) surface states created by the TiO2 surface interaction
with the electrolyte and it is constituents. Lastly, the use of eq 1
implies a strong temperature dependence to the rate constant of
injection. Temperature-independent injection rates have been
observed in situations where fast injection into high density
conduction band states should be relevant.131 However, the
temperature dependence of injection in optimized high efficiency
cells has not been measured, to the best of our knowledge.
4.2. Excited State Decay to Ground. The quantum yield for

electron injection, ηinj, corresponding to the fraction of photons
absorbed by the dye that result in electron injection into the
conduction band of TiO2, is determined by

ηinj ¼
kinj

kinj þ k0 þ kq
ð2Þ

where k0 represents the rate constant for radiative and non-
radiative decay of the excited state of isolated dye molecules,
and kq represents possible quenching pathways of the dye
excited state in the device apart from electron injection (see
Figure 10). Possible origins for kq include dye aggregation
resulting in an enhancement of nonradiative decay to
ground110,132�134 and reductive quenching of the dye excited
state by oxidized redox couple.135 k0 and kq can be most readily
measured by employing metal oxides with a sufficiently high
conduction band energy to prevent electron injection, such as
mesoporous zirconia films.15

We have considered the factors determining kinj in section 4.1
above. We now consider the competing path of excited state
decay to ground, k0. In this regard, the photoactive dyes
employed for DSSCs can be broadly classified into two separate
classes: inorganic coordination dyes which include a transition
metal in the structure and organic dyes such as coumarins or
porphyrins which do not include a heavy metal. Visible-light
absorption in such organic dyes is typically based upon π�π*
transitions to form singlet excited states. Intersystem crossing
(ISC) to the lower energy triplet state is typically relatively slow
(nanoseconds) and thus such dyes are primarily regarded as singlet
sensitizers, with values of k0 in the range 1 � 1010 to 1 � 108 s�1

(singlet excited state lifetimes ranging from ∼100 ps to a few

nanoseconds). In contrast, for inorganic coordination dyes such
as Ru-bipyridyls, the presence of the heavy metal center results in
ultrafast intersystem crossing (<100 fs)136 from the singlet to
triplet excited state, with such dyes thus typically being regarded
as triplet sensitizers, with values of k0, corresponding to triplet
state decay to ground, in the range 1� 108 to 1� 106 s�1 (triplet
state lifetimes of tens to hundreds of nanoseconds).77,114,137 This
difference in dye photophysics has a significant impact upon
the kinetics, energetics and efficiency of electron injection.
This difference is illustrated in Figure 11 for a comparison of
a typical organic dye NKX2677 with the widely used Ru-
bipyridyl dye, N719.
For the organic dye NKX2677, electron injection proceeds

directly from the singlet excited state. This injection process is
in competition with singlet state decay to ground (0.5 ns for this
dye), requiring kinj > 2 � 1010 s�1 to achieve an injection
quantum yield of 90% or more. For the N719 dye, electron
injection may proceed from with the singlet or triplet excited
state. The triplet state is ∼300 meV lower in energy than the
singlet state, resulting, as discussed in section 4.1, in kinj being
exp(�300/100)∼ 20-fold slower from the triplet compared to
the singlet excited state. This difference in injection rates is
consistent with previous reports of biphasic injection dynamics
for N3 sensitized TiO2 films,114,138 assigned to parallel path-
ways for electron injection from the N3 singlet and triplet
states. However, the slower electron injection from the N719
triplet state is more than offset by a∼1� 105 increase in excited
state lifetime, going from∼100 fs for the singlet state to∼10 ns
for the triplet. As a consequence, electron injection from the
triplet state of N719 is likely to be more efficient than from the
singlet state. Given the∼10 ns lifetime of theN719 triplet state,
kinj J 1 � 109 s�1 is sufficient to achieve an injection quantum
yield of 90%.
We note that this argument does not preclude electron

injection from the singlet excited state of N719. Indeed several
studies have reported femtosecond injection kinetics for N719
sensitized TiO2 films.69,117,138�140 However, such ultrafast elec-
tron injection is observed under conditions where the conduc-
tion band edge is energetically well below the dye excited state
(such as in the presence of lithium ions), thereby increasing F(E).
Such conditions result in a large free energy loss associated with
the injection and thermalization processes (in which the elec-
trons thermalize to the CBE, and then to the TiO2 Fermi level).
The greater free energy loss associated with conditions giving
ultrafast injection results in poor overall device efficiency, as
discussed further in section 4.3 below. We further note that
studies of triplet state driven electron injection have now been
extended to other sensitizer dyes including ruthenium phthalo-
cyanines, which exhibit long triplet state lifetimes such that
reasonably efficient electron injection can be observed even on
the 100s of nanoseconds time scale.78,109

We turn now to consideration of kq, and specifically the effects
of dye aggregation and quenching by the redox couple. The
relatively planar structure of many organic dyes results in these
dyes being relatively prone to aggregation, which often results in
the enhancement of nonradiative decay pathways, thus reducing
the efficiency of electron injection .78,110,132�134 Commonly the
incident photon-to-electron conversion efficiency (IPCE) in
organic dye based devices are improved by addition of coadsor-
bers to break up dye aggregates.110,141 In addition, the dye excited
state can be quenched by the redox couple species present in the
electrolyte.108,135,142�145 The iodine based redox couple can

Figure 10. Schematic representation of the competition between
electron injection and decay to the ground from the dye excited state.
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quench the dye excited states by either oxidative or reductive
quenching

Dye� þ I2 f Dyeþ þ I2
� ð3Þ

Dye� þ I� f Dye� þ 1
2
I2 ð4Þ

The presence of oxidative quenching (eq 3) will reduce the
efficiency of charge separation, while reductive quenching (eq 4)
may still result in efficient charge photogeneration if the dye
anion is capable of efficiently injecting an electron into the
semiconductor. The extent of these quenching pathways de-
pends upon sensitizer dye and concentration of redox couple.
For example, quenching of the dye excited state by the redox
couple does not appear to be significant for the N719 sensitizer
dye, but has been observed for porphyrins.108,146 Evidence for
this quenching limiting photocurrent generation has been re-
ported for devices employing a high concentration of redox
couple, as sometimes used for high stability devices.135 In solid
state DSSCs, reductive quenching, in other words hole injection
before electron injection has been reported in cells employing
the molecular hole conductor spiro-OMeTAD, because of the
strong electronic coupling between the sensitizer dye and hole
conductor in these devices.147,148 Picosecond hole injection into
inorganic hole conductors has been observed for dye-sensitized
CuSCN.149

4.3. Electron Injection in Complete DSSCs. Surprisingly few
studies have considered directly the importance of electron
injection in influencing DSSC photovoltaic efficiency. This
absence can be understood as originating from the conclusions
of early model systems studies on dye-sensitized TiO2 films
(including our own)69,74,83,114,117,138�140,150,151 which indicated

that electron injection from sensitizer dyes into metal oxides can
occur on femtosecond time scales. This led to a widespread
perception that electron injection inDSSC is always ultrafast, and
therefore proceeds with near unity quantum efficiency. This
perception has, however, become increasingly at variance with
empirical device efficiency studies, which have shown that
although photocurrent generation with near unity quantum
efficiencies is possible for DSSCs with the appropriate choice
of optimum materials, for many material choices, photocurrent
quantum yields are significantly below unity. Increasingly it has
become apparent that such lower photocurrent efficiencies may
often originate from inefficient electron injection. In parallel,
studies of electron injection in complete devices have indicated
that injection dynamics in such devices may be significantly
slower than in some model system studies, indeed resulting, for
some devices, in electron injection efficiency being a significant
limitation upon overall device efficiency.15,77

One of the first studies which provided clear evidence that
injection efficiency may significantly limit photocurrent genera-
tion for some sensitizer dyes was undertaken by Hara et al.,
employing a series of organic sensitizer dyes.93,110,111 In this
study, the IPCE performance of DSSCs based on a series of
coumarin dyes was found to correlate strongly with dye excited
state oxidation potential, as shown in Figure 12. The reduction in
maximal IPCE for dyes with less reducing excited states was
assigned to lower charge separation yields resulting from less
favorable energetics for electron injection.
Alternative studies have considered the impact of “potential

determining ions” (see section 2.2) upon the energetics, and
therefore efficiency, of electron injection. These include stud-
ies as a function of dye acidity,75 and the presence of additives
such as lithium ions and tertbutylpyridine (tBP, a base) in the
electrolyte.60,65�69 Several such studies assigned the increase

Figure 11. Illustration of the energetics and kinetics of electron injection for DSSCs based on a typical organic dye NKX2677, and the typical Ru-
bipyridyl dye,N719. The TiO2 acceptor states are shown as an exponential distribution in light gray. Energies are given as free energies relative to the dye
ground state. Adapted with permission from ref 60. Copyright 1992 American Chemical Society.
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in photocurrent with increased proton/lithium concentration
to enhanced electron injection efficiency.65�69 The first study
which directly correlating electron injection dynamics mea-
sured in devices with device photocurrent efficiency was
undertaken by Haque et al.15 This study employed ultrafast
transient absorption spectroscopy to show that injection
dynamics in N719 sensitized TiO2 films was approximately 2
orders of magnitude slower in the presence of a typical redox
electrolyte (∼100 ps), assigned to the influence of tBP in the

electrolyte upon the energetics, and therefore kinetics of
electron injection.
Most recently, both we and others77,78,147,152�155 have em-

ployed time correlated single photon counting to measure
injection kinetics and yields in a range of DSSC, and correlated
such measurements directly with device photocurrent. Such
studies include studies as a function of lithium ions and tBP in
the electrolyte (see Figure 13),77,154 dye excited state oxidation
potential and spacer conjugation.108 In each case, a correlation
was observed between the efficiency of electron injection, as
determined by the transient kinetic data, and the photocurrent
density measured under solar irradiation. These studies have
been supported by analyses of front and back excitation IPCE
data, which allow the separate determination of charge photo-
generation and collection losses within devices, which have
measured charge separation efficiencies in quantitative agree-
ment with those determined by transient kinetic studies156

It follows from these analyses that the kinetics, and therefore
efficiency, of electron injection are a function not only of the
sensitizer dye and metal oxide, but also electrolyte composition.
In general, for any given sensitizer/metal oxide combination, the
kinetics of electron injection can be accelerated by increasing the
concentration of potential determining ions in the electrolyte, up
to the limits of ion solubility or dye desorption. The effect of
increasing the concentration of these potential determining ions
can be understood most simply as changing the surface charge of
the metal oxide, resulting in interfacial dipoles which lowers the
energetics of the metal oxide acceptor states F(E) relative to the

Figure 12. Maximal IPCE forDSSCs based on a series of coumarin dyes
plotted as a function of dye excited state oxidation potential Eox* = Eox�
E0�0. Reproduced with permission from ref 110.

Figure 13. (a) Time-resolved emission decays forN719/TiO2 films in electrolytes employing 0.1M tBP/0.1M Liþ (red), 0.2M tBP/0.1MLiþ (blue),
and 0.2 M tBP/0 M Liþ (green). Also shown are the corresponding N719/ZrO2 control data (black) and (smooth lines) the fits to experimental data.
(i) Plot of the electron injection half-time determined from TCSPC data versus an estimate of the relative energies of the TiO2 CB determined from
charge extraction data for DSSCs fabricated with different concentrations of Liþ and tBP in the electrolyte. (ii) The corresponding plot of the electron
injection yield, jinj, determined from TCSPC data versus the device short circuit currents measured under 1 sun simulated irradiation. Also shown are
the linear best fits in gray. In (ii), the data point corresponding to the highest device efficiency is circled in blue. It is apparent that the device with the
fastest injection dynamics, and highest injection yield, does not correspond to the device with the highest overall device efficiency. Reproduced with
permission from ref 77.
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dye excited state oxidation potential Eox* (and redox couple
chemical potential) such as to increase the number of energeti-
cally accessible acceptor states. However it is important to note
that this beneficial effect upon electron injection, and therefore
device photocurrent, is often offset by a loss of cell voltage. The
lower metal oxide conduction band energy results, for a given cell
voltage or film Fermi level (see section 2.2), in a higher electron
density in the metal oxide, thereby increasing the flux of inter-
facial recombination. Another way to view this balance between
kinetics and energetics is that increasing the concentration of
potential determining ions increases the kinetics of electron
injection, but at the expense of a greater free energy loss
associated with this injection process. More quantitively, follow-
ing section 4.1 above, the energetic cost of increasing the rate of
electron injection by 1 order of magnitude is ∼300 meV. This
concept has been discussed in terms of the need to minimize
‘kinetic redundancy’ in the device � with for example unneces-
sarily fast injection dynamics being indicative of an excessive free
energy loss driving this reaction.15 The key consequence of this
balance is that, for any given combination of sensitizer and metal
oxide, it is necessary to select a optimum electrolyte composition
to achieve efficient electron injection while avoiding excessive
Voc loss, and thereby achieving maximal power output (current
� volts) from the device.
We note that the analysis in the above paragraph most

probably oversimplifies the role of the electrolyte in modulating
the kinetics of electron injection in DSSC, with additional effects
likely to originate from, for example, the passivation of surface
states. Furthermore, there remains some controversy over ex-
perimental measurements of the injection kinetics in the pre-
sence of electrolyte, with some studies reporting subpicosecond
injection dynamics even in the presence of a typical electrolyte.145,157

In addition, we note that there are other strategies which can also
be employed to modulate the balance between injection and
recombination at the dye/metal oxide interface, and thereby to
achieve the optimum balance of kinetics and energetics for
maximal device performance. These include surface treatments
such as the deposition of metal oxide layers (such as TiCl4
treatments158 or the deposition ofNb2O5,

159 Al2O3,
51,160CaCO3

161

or MgO,162layers) or the use of donor�acceptor charge transfer
dyes such as N719 where the dye LUMO orbital is localized
adjacent to the metal oxide surface.
In general, we might also expect the cell voltage to affect

directly the kinetics of electron injection. As the film Fermi level
is raised, increasing the electron density in the film, the density of
unoccupied acceptor states in the film decreases, which will in
general reduce kinj. This effect corresponds to the Fermi occu-
pancy term f(E, EF) in eq 1, and could potentially limit the cell
voltage. Model system studies employing a three electrode cell in
the absence of a redox couple have indeed observed a modest
retardation of kinj with increase EF, consistent with eq 1.69

However a study of the kinetics of electron injection in a typical
N719 sensitized device as function of applied voltage reported
only a small influence of voltage upon kinj over the operating con-
ditions of the device, indicating that in practice, the acceleration
in recombination losses to the electrolyte with increasing Fermi
level is a more severe limit upon cell voltage for most DSSCs
studied to date.77

Overall, there appears to be increasing evidence that the
kinetic competition between injection and excited state decay
to ground can be a key factormodulating the efficiency of DSSCs.
In this regard, the electronic coupling between the dye LUMO

orbital and semiconductor acceptor states, the excited state
oxidation potential, and the dye excited state lifetime are all
important materials parameters which may influence device
performance. Of these parameters, we note that dye excited state
lifetime has received the least attention to date. In principle, the
use of sensitizer dyes with longer excited state lifetimes should
enable either the use of lower bandgap sensitizer dyes with lower
energy excited states and/or a reduction in the concentration of
acidic potential determining ions in the device, increasing cell
voltage. Such strategies have the potential to significantly in-
crease device performance, with kinetic analyses indicating that a
10-fold increase in excited state lifetime (and therefore a 10-fold
decrease in the electron transfer rate constant required for
efficient injection) potentially enabling a 300 meV shift dye
absorption onset. However, to date, we are not aware of any
studies that have directly correlated device performance with dye
excited state lifetime.

5. SECONDARY CHARGE SEPARATION: DYE REGEN-
ERATION BY THE REDOX COUPLE

5.1. Dye Regeneration by Iodide. Following electron injec-
tion, the ground state of the sensitizer is regenerated by
rereduction of oxidized dyes by the redox couple in the electro-
lyte. This secondary charge separation step increases the lifetime
of the photogenerated charges, as illustrated in Figure 4. It fur-
thermore enables diffusion of oxidized species to the counter
electrode� completing the device electrical circuit. However the
increase in charge separation lifetime resulting from this dye
regeneration reaction comes at a significant energetic cost. For
the most commonly studied dye/electrolyte combination,N719
and the iodide/iodine redox couple, most estimates of the
interfacial energetics indicate that ∼600 meV are lost in driving
this regeneration reaction.6,10 This is the largest single free-
energy loss in the device, and developing strategies to minimize
this loss is a key challenge for achieving further advances in device
efficiency.
Efficient dye regeneration requires the rate of rereduction of

the photooxidized dye (Dþ) by the redox couple to exceed that
of charge recombination of injected electrons with Dþ. This
competing recombination pathway is considered in section 5.2.
In this section, we focus on the kinetics and mechanism of dye
regeneration by the most commonly used redox couple, iodine/
iodide. Alternative redox couples, and molecular hole conduc-
tors, are considered in section 5.4.
Studies of the kinetics of the regeneration reaction have

typically been based upon transient absorption studies of the
decay of dye cation absorption, and/or the recovery of dye
ground state absorption.138,163,164 Typical data are shown in
Figure 14. The detailed interpretation of these kinetics remains
somewhat controversial, not least because of shifts in transient
spectra caused by Stark effects generated by the electric field
between the injected electrons and the electrolyte81,165 Notwith-
standing these uncertainties, several studies have indicated that in
regeneration dynamics by iodide are typically on the microse-
cond time scale.
Various mechanisms have been proposed for the regeneration

reaction. Amajor division between the reaction schemes is whether
the reaction is first or second order in I�concentration.164,166,167-
Several studies, including density functional theory (DFT) calcula-
tions,168 have already led to a deeper understanding of the dye
regeneration chemistry.6,167,169�171A key consideration is the
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unfavorable energetics for achieving the one electron oxidation of
iodide to the iodine radical I 3 . As such, it has been widely
suggested that the reaction proceeds through di-iodine radical
(I2 3

�), requiring the participation of two I� for each oxidized
dye (Sþ).6,169 Our own studies have provided evidence that the
reaction can, at least for some sensitizer dyes, proceed via the
formation of a oxidized dye� iodide complex. Transient absorp-
tion data suggest that formation of this complex is relatively
rapid, with the rate determining step in the overall regeneration
being the approach of a second I� to this [Dyeþ...I�] complex,
releasing the products Dye and I2 3

�.172 At this point the
regeneration is completed by the disproportionation of I2 3

�.
Consistent with this model, the overall regeneration reaction for
the N719 dye has been found to be first order in iodide.169

Experimental measurements of the rate constant krg for this
reaction have varied significantly in the literature,163,164,166,173�175

with the most recent study reporting a value of 7.8� 105 M�1 s—1

in methoxypropionitrile,169 several orders of magnitude slower
than the diffusion controlled rate constant in this solvent.
Several factors have been shown to influence the kinetics of

regeneration. The most obvious is the dependence upon iodide
concentration, as illustrated in Figure 14i.163 In addition, the use
of more viscous electrolytes (often used to reduce electrolyte
volatility, and therefore enhance device stability) results in a
retardation of regeneration.36,37,41 The regeneration kinetics
have also been reported to depend upon the identity of the
cation of the iodide salt in the electrolyte; faster regeneration was
observed in the presence of cations that adsorb onto the TiO2

surface, such as Liþ and Mg2þ, whereas much slower regenera-
tion was found with TBAþ ions, see Figure 14ii. This effect was
attributed to the resulting higher local iodide concentration near
the TiO2 surface when positive charge is adsorbed.164

The design of the sensitizer also has a key role in influencing
the kinetics of dye regeneration. For example, the addition of
bulky alkyl chains to the dye has been found to slow the
regeneration rate, assigned to the steric and nonpolar shielding
effect offered to the metal oxidized center.176 Other studies have
considered the role of dye oxidation potential in influencing
regeneration kinetics and efficiency, as discussed in section
5.3 below.

5.2. Electron Dye Recombination. In the absence of a redox
active electrolyte, the oxidized dye is rereduced by charge recom-
bination with electrons occupying conduction band or trap states
of the metal oxide. The kinetics of recombination reaction have
been widely reported to be superlinearly dependent upon electron
density in these conduction band/trap states�resulting in the time
scale of this recombination reaction ranging from nanoseconds to
milliseconds, depending upon film electron Fermi level, and
therefore electron density.65,83,177�181 This strong dependence
upon electron density has been discussed in the context of trap
filling, with increased electron density resulting in the filling of
the deepest electron traps, and therefore resulting in an increase
in electron diffusion constant.82,105,182�186These traps may also
act as recombination sites,18,187�189 though as yet there is no
conclusive evidence for this. The key implication of this electron
density dependence for device performance is that the kinetics of
this recombination reaction accelerate as the cell voltage is
increased, and as light intensity increases. As such, the role of
this recombination reaction in limiting regeneration efficiency
depends strongly upon the device operating condition.
Aside from this dependence upon electron density, the

kinetics of this recombination reaction depends upon the
metal oxide and sensitizer dye employed, as illustrated in
Figure 15 for two typical examples. For the sensitizer dye, the
key factor is the spatial location of the dye cation HOMO
orbital relative to the metal oxide surface. Localization of the
HOMO orbital away from the metal oxide surface increases
the electron tunneling barrier for recombination.11,70,72,190,191

This has been shown most clearly for metal to ligand charge
transfer dyes such as N719, where electron injection occurs
from the π* orbitals of a surface-bound dcb ligand, whereas
recombination proceeds to the t2g orbitals of the Ru(III)-
(NCS)2 center. It has also been reported that charge recom-
bination is in the Marcus inverted region (see Figure 17
below), in contrast to electron injection, which has been
reported to be nearly activationless.83,72 Further studies have
addressed “interface engineering” approaches to retard this
interfacial charge recombination processes, including in par-
ticular the use of metal oxide barrier layers such as Nb2O5,

159

Al2O3,
51,160 CaCO3,

161 and MgO.162

Figure 14. (i) Transient absorption data collected at 800 nm for a Ru(dcbpy)2(NCS)2-sensitized TiO2 film measured as a function of iodide
concentration. The electrolytes consisted of LiClO4 and LiI in propylene carbonate, with the salt concentration adjusted to maintain a constant
Liþ concentration (0.1 M) while varying iodide concentrations as indicated in the figure. Also shown is an expansion of data collected at early times for
I� concentrations of 0 and 100 mM. Reproduced with permission from ref 163. Copyright 2002 American Chemical Society. (ii) Time course of the
transient absorbance changes obtained upon nanosecond pulsed laser excitation (λexc = 490 nm, 5 ns fwhm pulse duration, 1 mJ/pulse) of
Ru(II)(dcbpy)2(NCS)2 dye adsorbed on mesoporous TiO2 films. Bleaching signals were measured at λ = 520 nm in dry propylene carbonate, without
electrolyte (a), and in the presence of TBAI 0.1 M (b), LiI 0.1 M (c), and MgI2 0.05 M (d). The insert displays trace (b) on a longer time scale.
Reproduced with permission from ref 164. Copyright 2000 American Chemical Society.
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5.3. Role of Dye Regeneration in Limiting Device Perfor-
mance. For DSSCs employing standard sensitizer dyes such as
N719 and relatively nonviscous electrolytes with high iodide
concentrations, dye regeneration proceeds with near unity
quantum yield. Indeed many device models have implicitly
assumed recombination losses during regeneration to be
negligible.192 We emphasize that this high quantum efficiency
comes a significant free energy cost, with the free energy loss
driving regeneration ΔGrg typically estimated at ∼600 meV.
However attention is now focusing on enhanced device long-
evity, typically involving the use of more viscous electrolytes, and
lower bandgap sensitizer dyes, often reducing the free-energy
driving regeneration. Both such strategies tend to result in slower
regeneration kinetics, with therefore the potential for significant
recombination losses during regeneration.
Alebbi and co-workers reported one of the first studies indicating

that inefficient regeneration may limit device photocurrent.173 This
study focused upon a comparison of osmium and ruthenium based
sensitizers. The osmium dye exhibited stronger near-infrared absorp-
tion, but a smaller ground state oxidation potential, reducing the
driving force for the regeneration reaction, as illustrated in Figure 16.
The lower photocurrents showed by the osmiumbased devices were
assigned to slower iodide regeneration of the dye ground state.173

Several examples have now reported of dyes with less positive
oxidation potentials showing slower regeneration.148,172,173,193,194

These slower regeneration kinetics have in each case been

suggested to result in increased quantum efficiency losses due
to inefficient kinetic competition with electron recombination
with dye cations, reducing device photocurrent. In contrast, rapid
regeneration kinetics of the oxidized dye by iodide, with a high
quantum efficiency, has been reported for sensitizers with
comparatively high oxidation potentials, such as chlorophyll
derivates195 and porphyrins.163 For a series of osmium and
ruthenium complexes, a clear threshold behavior has been
reported, with dyes exhibiting ΔGrg < 600 mV for the iodide
regeneration reaction not being effectively regenerated, see
Figure 17.72,73 A qualitatively similar trend between ΔGrg and
regeneration efficiency has been reported by Clifford et al. for a

Figure 15. (a) Transient absorption data monitoring photoinduced absorption of the RuL2(NCS)2 cation following optical excitation of the dye
adsorbed on nanoporous (a) TiO2, (b) Al2O3/TiO2, (c) SiO2/TiO2, and (d) ZrO2/TiO2 photoelectrodes. The signal decay is assigned to charge
recombination of the dye cation with electrons in trap/conduction band states of the TiO2 semiconductor. Optical excitation is at 630 nm, and detection
at 800 nm. Reproduced with permission from ref 160. Copyright 2003 American Chemical Society. (b) Transient absorption data obtained for
nanocrystalline TiO2 films sensitized with dyes 1�3. The decay kinetics are assigned to the charge recombination of the photogenerated dye cations with
the electrons in the TiO2. Reproduced with permission from ref 70. Copyright 2005 Wiley.

Figure 16. Energy level diagram for regeneration function in osmium
and ruthenium dye sensitized solar cells. Reproduced with permission
from ref 173.
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series of ruthenium-based dyes.172 For osmium based DSSCs, it
has been reported that the slower regeneration rate constant can
be at least partly by offset by the use of higher I� concentrations.193

We have recently reported an analysis of the kinetic competi-
tion between regeneration and recombination in N719 sensi-
tized devices under operation. The decrease in device photo-
current with lower iodide concentrations was found to be in good
agreement with transient measurements of the regeneration
quantum efficiency, as illustrated in Figure 18.196

A further consideration for such studies, particularly for higher
viscosity electrolytes, is iodide depletion in the pores under
operation.196,197 The viscosity and the iodide content of the
electrolyte are key issues for the technological scalability of such
devices�high-performance electrolytes being typically less vis-
cous and containing smaller concentrations of I�, whereas higher
stability electrolytes are typically more viscous and contain
higher iodide concentrations. Higher iodide concentration re-
duces Voc slightly (via the shift in the electrolyte redox potential),

can further increase the viscosity of the electrolyte and, in the
case of the imidazolium iodide salts, increases cost.
In addition to studies of the influence of regeneration upon device

photocurrent, several studies have considered its impact upon cell fill
factor and voltage.36,198 In DSSCs, the down turn in photocurrent as
the cell voltage is increased results from increasing electron concen-
tration in the TiO2.

10,197 At issue is the relative importance of recom-
binationwith the electrolyte versus thatwith the dye cation. Studies of
this issueshave to date largely focuseduponpolymer electrolytes,36,198

where the lower iodide diffusion constant results in recombination
losses during regeneration being particularly important.
5.4. Dye Regeneration by Alternative Redox Couples. The

iodine couple is popular for DSSCs since it shows a slow rate of
electron recombination with this electrolyte, fast diffusion, and
an acceptable regeneration rate of the dye ground state at
achievable concentrations. Nevertheless, there are substantial
drawbacks to the use of the I3

�/I� couple as a redox shuttle in
DSSCs.6 These include: (i) a propensity to corrode non-noble
metal components (this issue is important in the design of
commercial DSSCs modules) (ii) limitations on the achievable
open-circuit voltage (Voc) due to the relatively negative redox
potential of this shuttle, (iii) potential limitations on the achiev-
able photocurrent due to the issue of using iodide to regenerate
far-red-absorbing dyes at acceptable rates and (iv) limitations on
the achievable photocurrent due to competitive absorption of
visible light by triiodide. This latter is small in normal cells, but
becomes significant in cells on metal substrates which are
illuminated through the counter electrode. Clearly, it would be
desirable to identify alternative, noncorrosive, and weakly ab-
sorbing redox reagents requiring lower energetic driving force for
dye regeneration.10 Br2/Br

� and quinone/hydroquinone redox
mediators were used with some success in early DSSC designs.199

Pseudohalogen couples, (SCN)2/SCN
� and (SeCN)2/SeCN

�,
have also been employed.200Although redox potentials of these
mediators are more positive than that of I3

�/I�, little improve-
ment on the open circuit potential of the cells was observed.200

Moreover, low power conversion efficiencies were obtained with

Figure 17. (a) Transient absorption kinetics measured for titanium dioxide photoelectrodes sensitized with different osmium and ruthenium
polypyridyl complexes. The data were measured at 500 nm for complexes 1 [Ru(H2L0)2(CN)2], 2 [Os(H2L0)2(CN)2], and 5 [Os(H2L0)2Cl2], and at
520 nm for complexes 3 [ Ru(H2L0)2(NCS)2] and 4 [Os (H2L0)2(NCS)2]. (b) Dependence of the recombination rate constant determined from the
data shown in panel a upon the ground-state oxidation potential of complexes 1-5. Also shown is the estimated driving force �ΔG�0 for the charge
recombination process. Reproduced with permission from ref 72. Copyright 2001 American Chemical Society.

Figure 18. Measured and calculated Jsc for N719 sensitized DSSCs
employing a methoxypropionitrile electrolyte The calculated Jsc were
determined from measurements of the kinetics, and thereby the
efficiency, of dye regeneration as a function of iodide concentration in
a functioning device under operation.196



3396 dx.doi.org/10.1021/cm200651e |Chem. Mater. 2011, 23, 3381–3399

Chemistry of Materials REVIEW

these systems, which were attributed to slow dye regeneration
reaction. A two electron redox couple based on 5-mercapto-1-
methyltetrazole ions and its oxidized dimer have been tested
recently reaching impressive overall conversion efficiencies of
6.4%197 although some concerns exist regarding the stability of
this class of mediator due to the radicals involved in the reac-
tion.201 Kinetically fast, one electron, couples, such as ferrocene/
ferrocenium (Fc/Fcþ),50,51,53 cobalt complexes (Co(II)/Co-
(III)),52,202,203copper complexes (Cu(I)/(II)),48 and mediator
mixtures,49 have been used with some interesting results for
DSSCs, despite the high rate of recombination with the electrons.
In particular the last two years have seen a rapid increase in the
reported efficiency of Fc and Co electrolytes which now look very
promising.202,204 Although it must be noted that little stability data
has been presented for such new electrolytes, this is clearly an
exciting research area which may significantly impact upon the
commercial viability of DSSCs, as has been reviewed recently
elsewhere.205

For alternative couples based on one electron reactions, such
as Fc andCo electrolytes, the main issue is the fast recombination
of the electrons traveling through the nanoparticles with oxidized
species of the electrolyte. It is possible to reduce such recombi-
nation losses by the use of metal oxide barrier layers (see above)
or by molecular/supramolecular insulating materials such as
polymerized organic layers,50,206,207 oligosaccharides,208,209and
dendrimers.210 Among the alternatives to iodine-based couples,
cobalt complexes have reached the highest performances. These
latter mediators have been thought to show deficient diffusive
charge transport, due to the bulky dimension of these com-
plexes.52,203 However, by matching the properties of the dye and
the cobalt redox mediator, Boshloo et al. were recently able to
obtain an overall conversion efficiencies of 6.7%. This result was
reached by reducing recombination through the introduction of
insulating butoxyl chains on the dye and by reducing the
thickness of the titania film thanks to the employment of a high
extinction coefficient organic dye.202

Because of concerns over solvent leakage and corrosion, atten-
tion has also focused on replacing liquid electrolytes with solid
state hole transporters to create fully solid state, electronic DSSCs.
For this approach, spiro-MeOTAD has proven to be most
successful, attributed to its acceptable charge carrier mobility,
amorphous nature, and high solubility. Since the introduction of
this approach, significant advances have been made, leading to
device efficiencies for such solid-state DSSCs of up to∼5%, as has
been discussed in detail elsewhere.2,57,147,211

6. CONCLUDING COMMENTS

This review has hopefully given the reader some insights into
the parameters determining the efficiencies of electron injection
and dye regeneration in dye sensitized photoelectrochemical
solar cells. Enhancing the efficiency of DSSC is critically depen-
dent upon maintaining near unity quantum efficiencies for these
charge separation processes, while at the same time reducing the
energetic losses required to drive these reactions. Addressing this
challenge is fundamental to the challenges of enhancing the
voltage output of devices, and of utilizing sensitizer dyes with
lower optical bandgaps and therefore enhanced spectral overlap
with the solar spectrum. A further challenge is to move toward
materials which can achieve similar device performance but with
enhanced stability and/or processability and lower cost. There is
an increasing appreciation that meeting these challenges is a

multidimensional problem, where any one materials change im-
pacts upon several processes within the device. As such, systema-
tic device optimization is increasingly dependent upon functional
studies to guide materials design. We hope this review will prove
to be useful resource for those addressing these key challenges for
implementation of DSSCs as a commercially viable solar energy
technology.
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