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CHAPTER 11

DYNAMICS OF INTERFACIAL AND SURFACE
ELECTRON TRANSFER PROCESSES

11.1 INTRODUCTION
In nanodispersed semiconductors, no significant space charge layer can establish
within particles whose dimensions are inferior to the Debye length. Rather than relying
on an electric field, sustained light-induced charge separation in bulk heterojunction
photovoltaic devices is based on the kinetic competition between energy- and electron
transfer and charge transport processes.
In dye-sensitized solar cells (DSCs), ultrafast electron injection from a molecular
excited state into the conduction band of a wide-bandgap semiconductor is key to the
initial interfacial light-induced charge separation, as it has to compete efficiently with
fast radiative and nonradiative deactivation pathways and quenching reactions.
Subsequently, dye cations produced by charge injection have to be intercepted prior to
their recombination with conduction band electrons. This charge transfer between the
oxidized sensitizer at the surface and the hole transporting medium defines in a great
extend the photon-to-current conversion efficiency of the solar cell. Percolation of
electrons between semiconductor nanoparticles, as well as hole transport within the
pores network to the cathode, have finally to take place fast enough, as to prevent
indirect electron-hole recombination.
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Figure 11.1 shows in a schematic way the relevant photophysical processes and
electron transfer steps involving a dye-sensitizer molecule adsorbed on the surface of a
wide-bandgap semiconductor (S | SC) in the presence of a redox mediator (D).

a) S | SC + hν → S* | SC

Photoexcitation

(11.1)

b) S* | SC → e–cb (SC) + S+ | SC

Electron injection

(11.2)

c) S* | SC → S | SC + hν’ + ∇

Excited state deactivation

(11.3)

d) e–cb (SC) + S+ | SC → S | SC

Back electron transfer

(11.4)

e) S+ | SC + D → S | SC + D+

Dye regeneration

(11.5)

Indirect charge recombination

(11.6)

f)

D+ + e–cb (SC) → D

Figure 11.1 Energetic scheme of electron transfer processes taking place after charge
injection from a molecular electronic excited state S* to the conduction band (cb) of a
semiconductor (SC). Dashed arrows represent electron-hole recombination reactions
that counter sustained charge separation.
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The yield ηa of a first-order kinetic reaction occurring in parallel with a second
reactive pathway is given by the simple relationship:

ηa =

ka
ka + kb

(11.7)

where ka and kb are the respective first-order rate constants of both parallel processes.
Hence, a reaction a will take place almost quantitatively (ηa ≥ 0.99) provided its rate
constant is at least two orders of magnitude larger than that of a kinetically competitive
process b (ka ≥ 99 × kb ).
Dye-sensitizers, which do not undergo significant intersystem crossing, are
characterized by excited state lifetimes typically in the range of τ = 10 - 100 ps. In such
conditions, efficient charge injection should clearly take place within a sub-picosecond
time frame. Triplet MLCT excited states of Ru(II) polypyridyl complex sensitizers are
usually much longer lived, with τ = 10 - 100 ns. In the presence of concentrated
electrolytes, however, fast quenching reactions often occur in the ps time scale.
Femtosecond electron injection is therefore generally required to ensure efficient initial
light-induced interfacial charge separation.
The rate of the electron recapture, which takes place between the solid and the
oxidized dye species S+ (Eq. 11.4), is usually observed to be slower by several orders of
magnitude compared to charge injection rates of efficient sensitizers. In the
N-719 | TiO2 system, this back electron transfer process typically occurs in the hundreds
of µs to ms time scale. This slow charge recombination process can be intercepted by
reaction of a reducing mediator with the oxidized dye (Eq. 11.5). DSCs based on the
sensitization of mesoporous titanium dioxide by Ru(II) complex dyes in conjunction
with the I3– / I– redox couple as a mediator have proved very efficient at exploiting this
principle. However, oxidation of I– to I2 or I3– is a two-electron redox process and is
intrinsically slow. Relatively high concentrations of iodide are thus necessary.
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Figure 11.2 shows, as an example, the temporal evolution of the oxidized state S+
of the complex dye sensitizer cis-[RuII(dcbpyH)2(NCS)2]2– (N-719). S+ species is
initially formed during photoinduced electron injection and later decays due to
reduction by a mediator or charge recombination. In this particular case, kinetic
competition between processes d) and e) (Eqs. 11.4, 11.5) is minimal and results in the
formation of a long-lived charge separated state (ecb–… D+) with nearly unity quantum
yield.

Figure 11.2 Transient absorbance signals recorded upon pulsed laser excitation of
N-719 | TiO2. Optical signals reflect the appearance and decay of the oxidized state S+
of the dye. Data points at the shorter time scale corresponds to the electron injection
process and concomitant formation of the S+ species (Eq. 11.2). The decay curve at
shorter time scale was obtained in the presence of a liquid electrolyte containing
0.8 M I– and is indicative of the dye regeneration reaction (Eq. 11.5). The decay curve
at longer time scale is due to the back electron transfer (Eq. 11.4) and was recorded in a
pure redox-inactive solvent. Ultrafast transients were measured at a probe wavelength
of 860 nm, following pumping at 535 nm. Ns-μs data were obtained at λ = 680 nm
upon 600 nm pulsed laser excitation [1].
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A thorough understanding of the functioning of successful DSCs, and perhaps
even more importantly of the details of the mechanisms resulting in a bad performance,
can be gained by the study of the dynamics of individual surface electron transfer
reactions and charge transport processes. The knowledge acquired in performing timeresolved analysis of such phenomena is directly relevant for the improvement of
existing systems, and the design of new strategies to achieve higher energy conversion
efficiencies and a better stability of devices. Parameters influencing the kinetics of the
electron injection, charge recombination and dye-cation interception reactions and their
interplay have recently been reviewed [2].

11.2 ENERGETICS OF CHARGE TRANSFER REACTIONS
Knowledge of the relative positions of the energy level of reactants is essential for
the understanding of the electron transfer dynamics. The energy gap between the
interacting levels represents the nuclear reorganization barrier to attaining a condition
of resonance. This thermodynamic aspect, along with nuclear relaxation dynamics and
electron coupling, define the kinetics of charge transfer reaction.
Surface redox processes can occur with either adsorbed or dissolved reactants. As
electron transfer with solution species cannot be faster than allowed by the diffusion,
this limitation is not encountered in the adsorbed state. For excited molecules in
solution, the deactivation processes are generally much faster than the average diffusion
time to the surface. Hence, efficient charge injection can only take place in the adsorbed
state. Static quenching of the sensitizer and re-reduction of oxidized species also
depend critically on the association of the mediator ions with the dyed surface.
Adsorption processes at the interface are therefore very important in defining both the
thermodynamics and the kinetics of key charge transfer reactions.
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11.2.1 Mesoscopic metal oxide semiconductors

Adsorption of ions and molecules on the surface
Electrophoretic measurements applied to dispersions in organic solvents of
titanium dioxide scratched from sintered mesoscopic films show that nanoparticles are
consistently negatively charged. Zeta-potential of naked TiO2 surface in pure ethanol is
measured as being typically ζ ≅ – 45 mV, with little variation upon the preparation
method. The oxide having been calcinated for several minutes at 450°C, its surface is
essentially dehydroxylated. The negative charge is then probably due to Cl– impurities
originating from the TiCl4 precursor, or to Cl– and NO3– anions incorporated in the
oxide when hydrochloric or nitric acids are used for the peptization of particles during
the preparation of the TiO2 paste. In such conditions, electrostatic interactions should
oppose the approach of anions to the surface. Efficient adsorption of anionic
carboxylated dye species, such as [RuII(NCS)2(dcbpyH)2]2– (N-719), is however
observed on the surface of TiO2. Chemisorption in this case clearly overcomes the
electrostatic repulsion and renders the derivatized oxide surface even more negatively
charged, with zeta-potentials establishing finally around ζ ≅ – 54 mV at saturation.
Surface of oxides are characterized by the presence at the crystal boundary of
metal centers which are not coordinatively saturated by the oxygen atoms of the lattice.
Their surface concentration on TiO2 (anatase) nanoparticles, for instance, was measured
to be Γ = 7 µmol ⋅ m–2

[3]

. These surface cations can coordinate to oxygen-containing

molecules like water or alcohols, and to anions. TiIV, ZrIV, NbV or AlIII metal centers,
and to a lesser extend ZnII, are indeed strong Lewis acids and show a particular affinity
for hard bases. The adsorption strength of the anions therefore depends on their Lewis
basicity, in the typical order F– > oxoanions > Cl– > Br– > I– > I3– > (CF3SO2)2N–.
Among oxoanions, large basicity differences exist, which translate into various
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affinities for the metal oxide surfaces. Hard oxoanions, i.e. with high charge density and
low polarizability, bind stronger than soft oxoanions. The following affinity series can
be observed: OH– > PO43– > R–PO32– > R–COO– > R–SO3– > ClO4– > CF3SO3–. Even
though the binding constants of these anions were not all measured, qualitative
observation of substitution processes on the metal oxide surface allow for the above
classification. In addition, chelation processes can be invoked to account for the
particular surface affinity of several bidentate ligands, like catecholate, salicyate or
acetylacetonate.
Except in the case where the absorbed species are prone to the formation of
aggregates, adsorption isotherms on nanocrystalline metal oxide show clean Langmuir
behavior and can be fitted with the corresponding equation (Eq. 11.8), where C is the
concentration of the species in solution, Γ 0 its surface concentration in a saturated
monolayer and K [M–1] is the adsorption equilibrium constant.

Γ=

Γ 0C
1
C+
K

(11.8)

In dry ethanol, the adsorption equilibrium constant K for the dye-sensitizer
Ru(NCS)2(dcbpyH)2(NBu4)2 (N-719) is in the order of K = 5 ⋅ 104 M–1, while the value
of Γ0 ranges between 1-7 µmol ⋅ m–2, depending on the degree of protonation of the dye
and/or of the surface. The adsorption constants and surface concentration at full
coverage show a clear solvent dependence

[4]

, which can be rationalized in terms of

competition between adsorption and solvation of the solute on the one hand, as well as
of competition between the adsorption of the solvent and that of the solute, on the other
hand. Carboxylated xanthene dyes such as dichlorofluorescein or eosin offer in this
respect an exemplary illustration of the effect of the solvent on the mechanism of
adsorption. Figure 11.3 displays the 3D-structure of anionic eosin-Y adsorbed on the
surface of titanium dioxide. When TiO2 is dehydroxylated, such as after calcination at
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high temperature, adsorption takes place through the coordination of surface Ti(IV)
acidic sites by the carboxylate fonction carried by eosin anion. In aqueous acidic
medium the titanium dioxide surface is positively charged, due to the protonation of
bridge oxygen atoms and amphoteric hydroxyl end groups. In this case, adsorption of
eosin anions takes place essentially through electrostatic interactions and possibly Hbonding. Water molecules could also form an additional solvation layer between the
charged surface and the adsorbate. In this case, the distance between the first accessible
Ti(IV) surface ions and the conjugated π-system of the dye molecule is considerably
increased as compared to the case of eosin adsorbed on the dehydroxylated surface.
This change in the adsorption geometry results in a marked increase of the time
constant for electron injection from photoexcited xanthene dye molecules into the
conduction band of TiO2 by at least one order of magnitude, from typically τinj < 30 fs
in case A [5] to τinj ≥ 300 fs in case B [6].

Figure 11.3 Structure of the anionic form of eosin-Y dye adsorbed on the surface of
dehydroxylated TiO2 in a dry organic solvent (A), and on that of an hydroxylated oxide
surface in acidic water (B). Tridimensional structure of the dye was obtained from a
MOPAC semiempirical quantum mechanical calculation.

11. Dynamics of interfacial and surface electron transfer processes

11

Energetics of the semiconductor-liquid interface
Three important thermodynamic parameters for the electrochemical behavior of a
semiconductor-liquid electrolyte heterojunction are the conduction band edge potential

φcb , the flat-band potential φfb , which is equal to the conduction band edge potential at
the interface, and the Fermi energy level EF . The potential corresponding to the Fermi
level (φF = – EF / F, where F is the Faraday constant) can be considered as the
electrochemical potential of electrons in the semiconductor. The conduction band edge
represents the potential at which the first metallic center (with the exception of
intraband trap states) can be reduced.
Apart from the semiconductor material, the energy of the conduction band edge
depends on the nature and composition of the electrolyte. Specific adsorption of ions
can shift the flat-band potential significantly. For metal oxide semiconductors/ aqueous
solution interfaces, protonation and deprotonation of amphoteric sites causes a – 60 mV
cathodic shift in φfb for every increase of the solution pH by one unit [7,8]. Values for the
flat-band potential were determined for TiO2

[9-11]

by measuring the absorbance of the

conduction band electrons as a function of applied potential. A Nernstian behavior was
observed with φfb [V/NHE] = – 0.14 – 0.06 pH in aqueous medium. More recent
findings suggest proton intercalation can also play an important role
other potential determining species, like Li+

[11,13]

small cations (K+, Na+) and anions (I–, dyes)

[12]

. Adsorption of

and Mg2+ also affect φcb , while other

[13]

, surfactant molecules and surface

complexing agents, influence the zeta-potential of the semiconductor. On many oxide
surfaces the density of charged sites present at the isoelectric point (PZZ) is rather low.
As the solid is charged up by adsorption of potential-determining ions, the environment
in which the ions find themselves is significantly changing. Consequently, the Nernst
equation does not hold in general, and a prediction of the surface potential is a quite
difficult and risky exercise.
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Measurements in non-aqueous solutions have revealed that φfb is directly related
to the Brønsted acidity of the solvent

[11]

. A distinction between protic and aprotic

solvents is therefore more appropriate than between aqueous and nonaqueous media. In
aprotic solvents like CH3CN, φfb is very negative (as much as – 2 V/ SCE for TiO2) [14],
but can be raised up to 0 V by adsorption of hard cations like H+, Li+ or Mg2+, able to
compensate the charges trapped on the surface [11].
The flat-band potential is determined by ions adsorbed on the surface and by
surface states. These states correspond to surface metal ions for which, because of
incomplete coordination, the redox potential lies within the bandgap of the oxide. As
soon as electrons from the conduction band or from the solution reduce the surface
states, they get trapped and can only escape by transfer to an oxidizing species across
the interface, by light excitation or by hopping on the surface. On single-crystal TiO2
rutile, for instance, TiIV/III surface states can be found 0.8 eV below the conduction band
edge [15]. For nanocrystalline particles, a broad distribution of surface states potentials is
expected, corresponding to the multiplicity of lattice planes at the surface, with a
suggested preferential localization of the traps at grain boundaries [10].
Figure 11.4 schematizes the energetics of electron transfer for an n-doped
semiconductor in contact with three different redox couples (A+/A, B+/B, and C+/C) in
solution. The situation is depicted as a function of a cyclic potential scan, for large
particles (a–f), and for a nanocrystalline assembly (a'–c'), respectively. The scan is
started at a positive potential with all solution species in the oxidized state (a). At that
potential (φF > φfb), the conduction band is lowered by the electric field, while the
potential at the interface determined by surface states is fixed. A positive band bending
results, which acts as a barrier for the electron transfer, of a height equal to φfb – φF.
Thus, although the Fermi potential lies below φ° (C+/C), reduction of C+ does not occur
rapidly. Excursion of the electrode potential into the flat-band region (b) results in the
reduction of both B+ and C+ within a small potential range. If the electrode potential is
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Figure 11.4 Schematic representation of the interfacial electron transfer processes
between the conduction band of a semiconductor and electroactive species on the
surface, during the cyclic sweeping of the electrode potential (a) → (b) → (c) → (d) →
(e) → (f).

driven negative to φfb , the electric field causes an upwards band bending (accumulation
layer) and the electrode exhibits metallic behavior for the species with φo < φfb , like the
(A+/A) couple, which is easily reduced (c) and again oxidized upon reversal of the
potential scan direction (d). If the electrode potential is driven positive just below the
flat-band situation, oxidation of B is observed (e). At more positive electrode potentials,
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positive band bending develops (f). Oxidation of C is expected from thermodynamics as
φF < φo (C+/C), but the activation barrier φfb – φo (C+/C) prevents fast charge injection
into the semiconductor. As a result, the charge on the weak donor species C is
kinetically trapped.
The above description is valid only for semiconductor particles larger than the
width of the accumulation or depletion layer. Once the particle size decreases below
that limit, band bending progressively vanishes, and the conduction band level
eventually coincides with the flat band potential, reflecting the fact that the electric field
created by the species present on the surface extends inside the whole particle. The total
potential drop between the surface and the center of a spherical nanoparticle of radius r
is obtained by solving the Poisson-Boltzmann equation and can be expressed by:

Δφ =

kT r
⋅
6e LD

(11.9)

where:
LD =

ε ⋅ ε 0 ⋅ kT
2e2 ⋅ n0

(11.10)

is the Debye length, which depends upon the static dielectric constant ε ⋅ ε0 of the
material and the carrier density n0 [16]. From Eq. 11.9 it is apparent that the electric field
in semiconductor nanoparticles is usually small and/or that high dopant levels are
required to produce a significant band bending inside the particle. A flat band situation
indeed prevails when charge migration is negligible compared to thermal diffusion
(Δφ < kT / e). According to Eq. 11.9, this condition implies r < 6 LD . In the case of
TiO2 anatase particles, assuming a static dielectric constant ε = 130 and a carrier density
n0 = 1017 cm–3, then LD = 30 nm and r < 73 nm. If the amount of majority carriers
depleted from a semiconductor and the particle size are too small to develop a space
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charge layer, the potential difference resulting from the charge transfer across the
semiconductor / electrolyte interface must then drop in the Helmoltz layer. As a
consequence, the position of the band edges of the particulate material are expected to
shift cathodically upon electron injection and to move back during charge
recombination [17].
This situation prevails in nanocrystalline films, where the typical particle size is
of the order of 10-20 nm. As the conduction band is flat (φcb = φfb), it is more
appropriate to use the conduction band potential φcb as a reference rather than φfb.
When a positive potential (φF > φcb) is applied to the contact electrode, electrons deplete
from the material turning it into an insulator. As soon as φF < φcb, electrons start to
percolate inside the nanocrystalline film. The applied field drops in the accumulation
layer formed near the particle surface and in the Helmholtz layer on the side of the
electrolyte. Thus, the salient characteristics of a particulate film compared to the bulk
semiconductor is the absence of an electric field across the material. Consequently,
electrons do not migrate in particle assemblies, but diffuse in a random walk process.

Intraband trap states
Energy states lying below the conceptual bottom edge of the conduction band
obviously complicate the energetic scheme described to this point for interfacial
electron transfer reactions. Most of semiconducting metal oxide materials used in
heterogeneous light-induced charge transfer reactions contain more or less abundant
trapping sites in the bulk and at the surface. The presence of point defects like oxygen
vacancies, and interstitial metal ions are indeed hardly avoidable, even in single crystal
oxides. Coordinatively unsaturated surface metal ions represent efficient electron traps.
Because of their large surface area to volume ratio, such surface states are quantitatively
important in small nanocrystallites. For example, in a TiO2 particle of 10 nm radius, as
much as 6 % of all Ti(IV) ions are actually exposed at the surface. In mesoporous metal
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oxide electrodes, where nanocrystalline particles are sintered together, grain boundaries
are similar to dislocations and constitute two-dimensional arrays of oxygen vacancies.
In zinc oxide, luminescence experiments showed that electron trap sites are mainly
surface states

[18-20]

, while photo-electrochemical studies on nanocrystalline Fe2O3

hematite demonstrated that, despite the large surface to volume ratio characterizing
films constituted of particles in the 25-75 nm size range, capture of carriers by bulk
and/or grain boundary traps is dominant [21].
Application of thermoluminescence, EPR [22-24] and impedance techniques [15]; to
single crystal and colloidal TiO2 led to the conclusion that at least eight different types
of traps are active in this material, which energetic levels range from 0.2 to 0.9 eV
below the conduction band edge. In addition, the existence of extended states near the
mid-band gap region, at about 1.4 - 1.5 eV below the conduction band edge, has been
suggested and discussed in terms of Ti–OH species [25].
Impedance and photocurrent spectroscopy studies using mesoporous anatase
electrodes have reached similar conclusions

[26]

. Results obtained with transparent

nanocrystalline films (Fig. 11.5) actually suggest that a continuum of trap levels is
present near the conduction band edge that is characterized by a distribution of trap
depths [9,27,28]. Such a band tail of localized states is commonly observed in disordered or
amorphous materials, where it is generally more appropriate to talk about a mobility
edge rather than a conduction band edge.
The importance of trapping sites on the dynamics of the charge recombination
process in dye-sensitized nanocrystalline electrodes has been established by
experiments carried out under externally applied electrical potential

[29-31]

. Biasing the

Fermi level of TiO2 positive to the flatband potential allows to control the occupancy of
localized states lying below the conduction band edge of the semiconductor and to
study the influence of traps on injection and recombination processes. The nature and
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the amount of species adsorbed on the surface of the solid have also been shown to
influence the population and energetics of surface states [3].

Figure 11.5
Density of electronic states near the conduction band edge of
nanocrystalline TiO2 anatase as a function of the applied potential. Data were derived
from the measurement of the absorbance at λ = 850 nm of a transparent film electrode
under potentiostatic control, with the assumption that all accumulated electrons are
characterized by a decadic molar extinction coefficient ε = 106 mol–1 ⋅ cm2. The TiO2
film was incorporated as a working electrode in a three electrodes spectroelectrochemical cell. 10–2 M tert-butylammonium triflate in anhydrous propylene
carbonate was used as the electrolyte and the solution thoroughly degassed by repeated
freeze-pump-thaw cycles [27].

Figure 11.6 illustrates how trap states present in a titanium dioxide
nanocrystalline film can favor sustained light-induced charge separation in slowing
down recombination following initial electron injection from a dye-sensitizer

[29]

. First

order rate constants kb characterizing the back electron transfer from the conduction
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band to the oxidized state of a Ru(II) polypyridyl complex (Eq. 11.4) were obtained
from time-resolved laser photolysis studies. When an anodic bias is applied to the TiO2
electrode (φF >> φfb ), trap states present in the bulk of the solid and at the surface are
emptied.

Figure 11.6 Effect of the electrochemical potential bias applied to a nanocrystalline
TiO2 photoanode sensitized by RuII(dcbpy)32+ complex dye on the first order rate
constant for the recombination of conduction band electrons with the oxidized sensitizer
species RuIII(dcbpy)33+ .

Electrons injected in the conduction band from photoexcited sensitizer molecules get
thermalized to the bottom of the band and eventually fall into those empty traps.
Transfer from these localized states to electron acceptors at the surface is hindered by
the barrier represented by the energy requested to excite trapped carriers up to the
conduction band level. As a result, recombination of injected electrons with oxidized
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state of the dye is a rather slow process. Polarizing the TiO2 film from + 0.6 V / SCE to
– 0.8 V / SCE, where φF ≅ φfb , progressively fills trap states lying below the conduction
band. Photoinjected electrons cannot be trapped anymore and recombine much faster
with dye cations at the surface. The rise of the value of the rate constant kb by a factor
of 1000 over the same voltage range is observed, the increase being steeper in the
vicinity of the flatband potential. Further lowering of the bias potential eventually
results in an accumulation situation, where φF < φfb , turning the TiO2 film into a
cathode.
Since surface electron traps arise mainly from incomplete coordination of metal
ions present at the interface, coordination of these sites by adsorbates having a Lewis
base character tends to raise the energy of the surface states. If the electron density of
the ligand is strong enough, the electronic levels of the intraband states can eventually
be raised into the conduction band, implying that their trapping action will vanish. Such
an effect is likely to occur on the surface of dye-sensitized titanium dioxide.
Dehydroxylated surface Ti(IV) indeed constitute electron traps, which energy level is
situated about 200 meV lower than the conduction band bottom edge. Upon adsorption
of carboxylated sensitizers on these acidic sites, coordination of Ti4+ surface ions by the
dye’s anchor provides sufficient electron density to raise the trap energy back to the
conduction band edge level.
Rate constants for electron transfer from colloidal TiO2 particles to
dimethylviologen in aqueous solution were found to be strongly affected by surface
states

[3]

, the presence of traps causing the rate to decrease strongly. The pseudo-first

order rate constant was 30 s–1 with bare TiO2 at pH = 3.6, but jumped to 7 × 105 s–1 with
adsorbed salicylate at pH = 6, due to the sweeping away of the traps into the conduction
band by coordination of the adsorbate [3]. In nanocrystalline electrodes at φF < φcb , with
species attached by a carboxylate or a phosphonate group, the surface has less traps.
Though, trap sites located in the bulk of the solid, due in particular to oxygen vacancies
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|O|+/|O|0 and |O|++/|O|+, are not affected by the derivatization of the surface and could
still play an important role in affecting the kinetics of charge transfer from the
conduction band to an acceptor across the interface.

11.2.2 Dye sensitizer

Many studies based on the observed bulk photoelectrochemical effects and on
direct optical probing of the processes occurring at the solid surface have provided
evidences that the sensitizing mechanism involves as a primary step electron or hole
injection by the electronically excited sensitizer molecule into the semiconductor.
Alternatively, charge injection can involve the reductive or oxidative quenching of the
dye excited state by a redox active species (a supersensitizer), followed by thermal
interfacial electron transfer :

S* | SC + D → S– | SC + D+ → S | e–cb (SC) + D+

(11.11)

S* | SC + A → S+ | SC + A– → S | h+vb (SC) + A–

(11.12)

In the case of the injection of an electron from the excited state of a molecular sensitizer
into the conduction band of a semiconductor (Eq. 11.2), the photoredox reaction
thermodynamics requires the oxidation potential of the dye excited state φ0 (S+/S*) to be
more negative than the flatband potential of the semiconductor (φfb = φcb for minute-size
particles), and thus :

φ0 (S+/S) < φcb + ΔE0,0 / F

(11.13)

where φ0 (S+/S) is the oxidation potential of the dye, ΔE0,0 its excitation energy, φcb (SC)
the conduction band edge potential of the semiconductor, and F the Faraday constant.
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Provided the electronic coupling between the excited state of a dye sensitizer and
localized acceptor states at the surface of the solid is sufficient, direct electron injection
into trap sites is possible. This process was investigated in particular with alizarin dye
anchored on the insulating substrate ZrO2. Since the conduction band edge of zirconia
lies about 1 eV above the singlet excited state of alizarin, electron injection into this
band is not thermodynamically feasible. In spite of this fact, spectroscopic
investigations have shown that on a femtosecond time scale the formation of the
alizarin cation can be observed as a result of the electron injection into surface trap
states

[32]

. The ultrafast injection dynamics into the traps observed in this system

underlines the importance of surface states for the initial charge separation also for
materials with lower band edge such as titanium dioxide.
The redox potential of the dye can shift upon adsorption from solution due to
Coulombic or stronger covalent interactions with the solid substrate. This potential
change can amount to several hundreds of millivolts. The oxidation potential and
excitation energy of the fully protonated form of cis-[RuII(dcbpyH2)2(NCS)2] complex
dye (N-3) in solution being φ0 (S+/S) = + 1.10 V/ SHE and ΔE0,0 = 1.65 eV, respectively,
the oxidation potential of the MLCT excited state of the sensitizer establishes at

φ0 (S+/S*) = – 0.55 V/ SHE

[33]

. The flatband potential of TiO2 in dry aprotic solvents

can be as negative as φfb = – 1.25 V/ SHE [31,34]. In such conditions, the conduction band
of the solid would in principle be out of reach of the dye excited state and only deep
localized sub-bandgap states could potentially act as acceptor levels in the injection
process. Surface protonation via adsorption of the carboxylic groups results however in
a positive shift of the flatband potential that can amount to several hundred millivolts.
Moreover, complete deprotonation of the four carboxylic groups of N-3 was
demonstrated to cause its oxidation potential to shift negatively by ca 300 mV [35]. Both
effects combined together with the presence of traces of H2O render the interfacial
electron transfer from the dye’s excited state into TiO2 thermodynamically favorable.
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Figure 11.7 shows the potential bias dependence on the injection quantum yield
from photo-excited Ru(dcbpy)32+ into a TiO2 nanocrystalline film. The luminescence of
the surface-adsorbed dye was found to be strongly affected by the bias voltage applied
to the oxide electrode [29]. At + 0.2 V, practically no emission could be detected, due to
the oxidative quenching of the excited state by charge injection. Biasing the potential
cathodically turned the typical luminescence of RuIIL3 gradually on, while the quantum
yield of charge injection was observed to drop from 1 to 0.5. This effect was ascribed to
the filling of the electronic states of the conduction band, leading to the increase of the
energy of the lowest unoccupied levels. Biasing of the TiO2 film can also result in the
desorption of the sensitizer from the surface and to decreased injection yield [36].

Figure 11.7 Effect of the potential bias on the apparent quantum yield of the electron
injection from the excited RuII(dcbpy)3 to the conduction band of TiO2 [29]. The insert
displays the luminescence spectra of the dye adsorbed on the surface of the mesoporous
semiconducting film at two different potentials. Excitation wavelength is λ = 500 nm.
The oxide electrode was immersed in aqueous 0.2 M LiClO4 electrolyte at pH 3.
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11.3 KINETICS OF INTERFACIAL ELECTRON TRANSFER
11.3.1 Charge injection dynamics

The standard theoretical treatment for molecular electron transfer (ET) was
provided by Marcus supplying a correlation of the difference in Gibb’s free energy ΔG
between donor and acceptor, the curvature of the potential surfaces and the
reorganization energy. Within the framework of Marcus theory, ET rates for many
systems could be predicted quite well and further quantum mechanical extensions were
even able to increase the area of validity. All of these electron transfer theories are
based on the assumption that the vibronic coupling is strong and that ET is controlled
by nuclear motion. Tunneling between the electron donor and the acceptor states occurs
when both electronic levels are made resonant by energy fluctuations caused by the
surrounding thermal bath. The situation can be illustrated by an energy scheme (Fig.
11.8, left), showing the situation for an ET-reaction between a donor (D) and an
acceptor species (A). In a classical view, the system can propagate along a generalized
reaction coordinate on the potential energy surface (PES) of the electronic
configuration, approximated as one-dimensional parabola. Energy conservation allows
an electronic transition between the initial encounter complex D–A (i) and the final
charge separated state D+ A– (f) only at the intersection of the two PESs, where the
electron can be transferred from D to A. In the configuration where donor and acceptor
levels have the same energy, exactly at the crossing point of the i and the f parabolas,
electron transfer can occur with a certain probability, depending on the electronic
coupling matrix element between the initial state D–A and the final charge separated
state D+ A–. Based on this microscopic view of electron transfer, macroscopic rates can
be calculated by assuming a thermal occupation of the energy eigenstates of the D–A
potential, the electron transfer process being mediated by molecular vibrations [37,38].
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Figure 11.8 Energetic situation for a typical vibration-mediated electron transfer
between a donor (D) and an acceptor (A) described by Marcus theory (left) and the
situation prevailing in the case of a continuum of acceptor states found in the dyesensitization of a semiconductor (right).
A fundamentally different situation for electron transfer is found in
dye/ semiconductor systems under illumination. Figure 11.8 (right) shows a schematic
of such a system. The acceptor level in this case is the energetically broad conduction
band of the semiconductor (SC). As a consequence, the final charge-separated state
energy surface splits up into a manifold of acceptor parabolas and each point of the
reactant parabola is a transition state. In this wide-band limit case, there is no need of an
energy matching mechanism via molecular vibrations and the rate constant for
interfacial ET is essentially independent of nuclear factors. The only remaining
parameter determining the injection rate is the electronic coupling, representing the
electronic overlap integral between donor and acceptor states [37,38].
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The simplest kinetic model describing the charge injection as a non-adiabatic
radiationless process is derived from Fermi’s golden rule. The rate constant for the
reaction can then be expressed as the product of a Franck-Condon weighted density of
states (FCWD), which depends on the driving force ΔG0 as well as the nuclear
reorganization energy Λ accompanying the electron transfer, and an electronic factor
which is proportional to the electronic coupling matrix element |H | squared :

ket =

2π
2
H FCWD


(11.14)

The FCWD is the integrated overlap of reactant and product nuclear wavefunctions of
equal energy. For a large number of accessible acceptor levels, the summation over all
the terms of the FCWD factor reduces to a pure density of final electronic states [37]. The
rate constant kinj of the charge injection process can therefore be expressed by :

kinj =

2π
2π
2
2 1
H ρ ≅
H
na
hω



(11.15)

Here kinj is the first order rate constant for interfacial charge transfer from a single
reactant level to a continuum of electronic product states with density of states ρ and
constant electronic coupling |H | to all product states. The actual density of final states ρ
can be approximated by the reciprocal energy level spacing 1/ hω of the dye cation
oscillator of frequency ω, multiplied by a factor 0 < na < 1 accounting for the density of
empty electronic states available in the solid. Above the flatband energy level, the
density of acceptor states in the conduction band of a semiconductor is usually very
large and the density of final states ρ solely determined by the density of energy levels
of the dye cation (na ≅ 1). Below the band edge, empty trap states are present, whose
density decreases gradually at lower energies (na → 0).
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The density of accepting states Nc (E) in the conduction band of a semiconductor
at the energy level E is given by equation 11.16 [39]:

⎛ 2m * ⎞
N C (E) = 4π ⎜ 2de ⎟
⎝ h ⎠

3/2

(E − Ecb )1/2

(11.16)

where Ecb is the energy of the conduction band bottom edge, and mde* the density-ofstate effective mass for electrons. The latter parameter depends strongly on the material.
In TiO2, for instance, mde* ≅ me* ≥ 6 me (where me is the electron rest mass) and the
calculated density of states at least two orders of magnitude larger than that in ZnO, in
which mde* ≅ 0.24 me

[40,41]

. The density of states is also expected to be dependant upon

the size of the semiconductor nanocrystallites. Strong quantum confinement indeed
results in widely spaced electronic levels and therefore in a very low density of states.
Although this size quantization effect would be negligible for TiO2 where the exciton
binding energy is very small, it is expected to play a significant role for ZnO particles
whose diameter is smaller than ~10 nm.
Equation 11.15 can only be used when the electron transfer process takes place
from a single prepared excited state of the sensitizer. In the general case, absorption of
photons, whose energy hν is larger than the electronic excitation energy ΔE0,0 of the
dye, leads to the population of higher vibronic levels of the molecule. Relaxation of
these vibrationally excited intramolecular states and of the whole system along the
classical reaction coordinate is expected to compete with the electron transfer process.
In these conditions, the electronic coupling |H | between the donor and the acceptor
states becomes a time- and excitation wavelength-dependant function and cannot be
readily accessed anymore

[38]

. Figure 11.9 illustrates the competition between fast

electron transfer from an excited vibronic level of the initial (i) state to the final (f) state
and relaxation to the lower vibrational level of the reactant. In principle, each crossing
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point at which ET occurs corresponds to a different value of the electronic coupling
matrix element |H |. If a normal Marcus region situation prevails (– ΔGet0 ≤ Λ),
vibrational relaxation of the electronic excitation state results in increased activation
energy for the reaction. Hence, charge injection from hot vibronic states of a sensitizer
is usually kinetically more favorable than ET from the lower vibrational level of the
reactant state.

Figure 11.9 Illustration of the competition between fast electron transfer from hot
vibronic levels of a sensitizer and its vibrational relaxation. ET from the initial vibronic
state prepared by absorption of radiation energy hν’ has a smaller activation barrier than
that excited by energy photons hν or obtained after vibrational relaxation to the lower
level of the reactant state.

Two limiting cases could be considered that would, however, let us treat in a
simple way the interfacial electron transfer process as involving a single prepared
excited state of the sensitizer: (a) Charge injection is slow enough compared to the
vibrational relaxation of the dye excited state. In this event, electron transfer would be
able to take place only from the lowest excited state, and the injection quantum yield
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would be simply controlled by the kinetic competition between the electron injection
and the decay of the excited state. (b) Charge injection is fast compared to nuclear
relaxation of the excited state. In this case, interfacial charge transfer would take place
from the prepared hot vibronic level and the quantum yield for the primary injection
process would be close to unity. For both limiting cases, Eq. 11.15 would be relevant,
provided electron transfer is non-adiabatic.
When the electronic coupling of the donor and acceptor becomes sufficiently
large (typically |H | > 150 cm–1 ≅ 0.7 kBT), the electron transfer will be increasingly
adiabatic and, in the absence of solvent dynamics control, the rate constant will
eventually be proportional to a nuclear vibration frequency ωn. In this case the
electronic coupling element does not enter into the rate expression. For other cases,
where |H | is small enough, the value of the coupling element is needed for a
quantitative description of the electron transfer rate. There is obviously a considerable
interest in the role of the electronic coupling factor, as the separation distance and
anchoring geometry of the sensitizer on the surface will determine its magnitude. The
Gamov expression (Eq. 11.17) is used to estimate the changes in |H | in photoinduced
electron transfer, where the electron donor and acceptor are separated by a fixed
distance r :

H = H 0 exp [ − β (r − r0 )]
2

2

(11.17)

The damping factor β is an exponential coefficient for the decay of the electronic
wavefunction and has typically values ranging from 0.2 to 2.5 Å–1. Provided that other
factors do not influence the electron transfer rate, Eq. 11.18 can be used to estimate the
rate at a known separation distance :
ket = ket0 exp [ − β (r − r0 )]

(11.18)
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Other parameters, such as spin changes, symmetry factors, and the relative orientation
of both reactants may obviously also influence the magnitude of the electronic coupling
factor |H |2.

Determining injection rates experimentally
Most of the previous knowledge on bulk semiconductor-electrolyte interfacial
charge transfer is derived from steady-state photocurrent measurements achieved in
photo-electrochemical cells. Obtaining electron transfer rate constants from such an
indirect method, however, is difficult because photocurrent depends on many other
interfacial and bulk processes. The rapid dynamics of electron injection can be
investigated by application of transient laser spectroscopy to colloidal dispersions or
nanocrystalline semiconductor films. Such materials are particularly amenable to time
resolved optical studies, as they display a good transparency throughout all the visible
and NIR spectral domains. Moreover, they are characterized by a large surface area
exposed to the solution, yielding high sensitizer absorbance for only monolayer dye
coverage. Most presently studied oxide semiconductor systems, namely TiO2, SnO2 and
ZnO, are of particular interest for the development of artificial photosynthetic and
photovoltaic devices.
Earlier studies on dye sensitized titanium dioxide reported nanosecond time
constants for the injection kinetics in aqueous medium

[42-44]

. These results were

obtained indirectly from the measurement of the injection quantum yield and implicitly
assumed that the interfacial electron transfer reaction was competing only with the
decay of the dye excited state. More recent studies were based on the same assumption,
but used measurements of the dye emission lifetime, which provided ns - fs time
resolution [45-48].
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Direct time-resolved observation of the build up of the optical absorption due to
the oxidized dye species S+ has been employed in most of the recent studies. This
appears as a more reliable way of monitoring the charge injection process, as it does not
require any initial assumption on the sensitizing mechanism and is not sensitive to the
self-quenching of the dye excited state. A powerful approach is constituted by the direct
detection by ultrafast mid-IR spectroscopy of injected electrons in the conduction band
and in sub-band states. Using the same technique, vibrational spectra of transient
molecular species deriving from the adsorbed sensitizer can in principle also be
recorded [41].
Various molecular sensitizers have been investigated in conjunction with metal
oxides. Organic dyes, like xanthenes, phosphonated perylene and carboxylated
anthracene, coumarin-343, porphyrins, anthraquinones and natural anthocyanines were
employed as model systems. A majority of photo-induced charge injection dynamics
studies relevant to efficient DSCs have, however, used ruthenium(II) polypyridyl
complexes, and more particularly [cis-RuII(dcbpyH2)2(NCS)2] (N-3), or its partially
deprotonated form [cis-RuII(dcbpyH)2NCS)2]2– (N-719). The choice of the latter
compound has been principally motivated by its success as a very efficient dyesensitizer in molecular photovoltaic cells. Upon irradiation by visible light, adsorbed
N-3 and N-719 dyes has been found to inject electrons into TiO2 nanocrystalline
electrodes with a quantum yield approaching unity

[33]

. Newly developed push-pull

organic dye sensitizers recently displayed remarkable spectral properties and stability,
which make them credible competitors of Ru(II) polypyridyl complexes. These
compounds are typically equipped with a cyanoacrylate group, serving simultaneously
as an acceptor carrying the LUMO of the molecule and as an anchor to the oxide
surface, a thiophene bridge and a triarylamine donor moiety

[49-51]

. Ultrafast laser flash

photolysis was applied to dye-sensitized transparent films, the results of which will be
used here as an example to illustrate the dynamics of the injection process.
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Example of [RuII(dcbpy)2(NCS)2]-sensitized titanium dioxide
Figure 11.10a shows the transient difference spectra obtained upon nanosecond
laser excitation of N-3 in ethanolic solution and of nanocrystalline titanium dioxide
transparent films, onto which the sensitizer was adsorbed. The dye is excited with

λ = 605 nm output of a laser system and the absorbance change observed immediately
after the laser excitation is plotted as a function of the detection wavelength

[52]

.

Luminescence quenching and photocurrent experiments have confirmed that

λ = 600 nm excitation of the sensitizer resulted in the formation of the charge separated
state S+ | e–cb (SC). The spectrum obtained upon irradiation of dye sensitized TiO2
displays a broad absorption feature peaking around 800 nm, which half-lifetime exceeds
0.5 µs. Such a lifetime is more than one order of magnitude longer than that of the
isolated dye excited state in solution (τ ≅ 15-50 ns)

[33]

. The recorded spectrum is

comparable to that of the one-electron oxidation product [RuIII(dcbpy)2(NCS)2]+ of the
complex produced by oxidative quenching of the excited state in an alcoholic solution
containing methylviologen as an acceptor [53], or generated by pulse radiolysis [54]. It can
be readily distinguished from the spectrum of the dye excited state obtained in solution,
whose band maximum is located at λ = 710 nm. These observations demonstrate
unambiguously that the transient spectral feature observed upon excitation of the
sensitized semiconductor cannot be assigned to an excited state of the dye but must be
attributed to the charge separated state resulting from interfacial charge injection, where
both a LMCT transition of the -NCS ligands to the Ru(III) metal ion center in S+ and
absorption by conduction band and/or trapped electrons contribute to the spectrum.
Further sub-picosecond data were collected. Transient data measured for dyesensitized TiO2 films were compared with those obtained for control dye-coated ZrO2
films, as the high conduction band edge of the latter material should prevent electron
injection. Figure 11.10b shows the absorption difference spectra obtained at a time
delay
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Figure 11.10 a) Transient absorbance spectra obtained upon ns pulsed laser excitation
of N-3 dye in ethanol (1) and adsorbed on a TiO2 transparent film (2). Spectra were
recorded 50 ns (1a, 2a) after laser excitation (λ = 605 nm, 5 ns pulse duration). b)
Transient absorbance spectra recorded 6 ps after ultrafast laser excitation (λ = 605 nm,
150 fs pulse duration) of N-3 dye in ethanol (1) and a freshly sensitized TiO2 film (2).
The insert shows the temporal behavior of the absorbance of N-3 | TiO2 measured at
λ = 750 nm with sub-ps time resolution.
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of 5 ps after λ = 605 nm pulsed excitation. The spectrum obtained for the dye-sensitized
zirconia films exhibits a maximum at 710 nm as observed for the N-3 dye in ethanolic
solution and is therefore assigned to the dye MLCT excited state. On the other hand, the
transient spectrum recorded for sensitized TiO2 displays a maximum at 800 nm that is
characteristic of the dye cation. In contrast to the data obtained for dye-coated ZrO2
films, the difference spectra measured with sensitized TiO2 exhibited some temporal
evolution for time delays less than 5 ps. Typical transient absorption data at a probe
wavelength of λ = 750 nm is shown in the insert of Figure 11.10. The data show a fast
~100 fs instrument response limited signal growth followed by a slower kinetic phase
extending on several picoseconds. A detailed multi-exponential analysis of the traces
obtained revealed at least three kinetic components with lifetimes of <100 fs (35 %),
1.3 ps (22 %) and 13 ps (43 %) [34,55].

Non-exponential injection dynamics
The kinetics of the electron injection from N-3 have been under active study for
the last decade

[48,53,56-60]

. Some studies conducted with the same system in somehow

slightly different conditions report only a single < 50 fs phase of electron injection
[41,45,56,60]

. After the seminal work of Tachibana et al.

[53]

, who reported the charge

injection to take place within < 150 fs (50%) and 1.2 ps (50%), the study by Benkö et
al. also found the electron transfer to occur in a biphasic way

[57]

. A first, ultrafast

component was estimated to have a rise time of 28 fs and a second, multiexponential
part occurred in the 1-50 ps time domain. Although most of other recent studies seem to
confirm the presence of the slower kinetic component, the relative contribution of the
latter ranges throughout the literature from 16 to 65 % and the time constants vary from
0.7 to 100 ps with a marked non-exponential behavior. This discrepancy between
reported results is illustrated by Figure 11.11. Lately, time-resolved single photon
counting was used to measure the electron injection dynamics in complete DSCs
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employing N-719 ruthenium bipyridyl sensitizer. While the quenching of ca 50% of the
dye’s triplet state photoemission could not be time-resolved, 50% of the excited states
appeared to decay with a half time of 200 ps [48,61] .

Figure 11.11 Transient absorbance signals recorded after ultrafast excitation of N-3
dye adsorbed on nanocrystalline TiO2 at probe wavelengths λ = 860 nm (  ) [60],
1.6 µm (  ) [58], 760 nm (  ) [34], and 860 nm ( ▲ ) [59] as reported by four different
research groups. In all cases, the temporal evolution of the signal, due to absorption by
oxidized dye species S+ and/or conduction band electrons, provides a direct
measurement of the kinetics of the same charge injection process. The insert shows the
effect on the observed kinetics of the concentration of the ethanolic dye sensitizer
solution used to load the oxide surface: 0.3 mM (  ) and 0.015 mM (  ) [60].

The observed intricate injection kinetics was rationalized by Sundström et al. in
terms of a two-state mechanism, the fast and slow components being attributed to the
injection from the singlet and the triplet excited states of the ruthenium complex,
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. Other authors attribute the multiphasic nature of the injection to

sensitizers adsorbed on energetically different sites or in various spatial configurations
at the surface of the mesoscopic titania films [62]. The origin of such a complex electron
transfer kinetics is not clear yet. The large spread of time constants experimentally
determined for the injection process and the obvious contradictions between data
reported in the literature put in question the proposed interpretations. The participation
of various singlet electronic excited states of the Ru(II) complex to the reaction is ruled
out as one fails to observe any effect of the excitation wavelength. Nor was a significant
difference observed in the results obtained for dyed TiO2 films exposed to air and in
propylene carbonate, thus apparently excluding possible effects due to the solvation
dynamics. Direct interfacial electron transfer to various localized defect states could be
associated to different electronic coupling elements and could therefore result in a wide
distribution of rate constants. The occupancy of these trap states can be modulated by
sweeping the Fermi level below the flatband energy upon applying an external electrical
bias. Modulation of the applied potential, does not appear, however, to result in any
noticeable change in the injection yield and fast kinetics

[34]

. On the other hand,

adsorption of potential determining cations, such as Li+, that causes the flatband
potential of the semiconductor to shift positively, apparently affect the electron
injection rate

[34,63]

. These observations suggest that the multiple time constants result

from heterogeneities in the energetics of the nanocrystalline TiO2 films.

Effect of surface dye coverage on the injection kinetics
Adsorption of dye molecules on different surface sites and with various anchoring
geometries could also cause an intricate kinetic outcome

[60,64]

. Results obtained with

eosin-sensitized aqueous TiO2 colloids showed that kinetic heterogeneity could arise
from intermolecular interactions and a wide distribution of geometrical conformations
of loosely bound dye molecules on the surface

[6]

. By carefully controlling the
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deposition of N-3, N-719 and of their parent heteroleptic [RuII(4,4’-dicarboxylic)(4,4’dinonyl-2,2’-bipyridine)(NCS)2 ] (Z-907) complex onto nanocrystalline TiO2, oxide
films sensitized by much less than one dye monolayer display essentially a monophasic
injection kinetics with a time constant of less than 20 fs

[60]

. On the other extreme,

adsorption of the sensitizer on the oxide surface for a prolonged time or from
concentrated dye solutions leads to a marked decrease of the initial rapid phase and to
the appearance of slower kinetic components. These extend to tens of picoseconds and
account for up to 26 % of the overall number of S+ species formed during the injection
process (Fig. 11.11, insert). These results show that the slow kinetic phase observed for
electron injection from N-3 or N-719 into TiO2 is not an intrinsic property of the dyes
as previously suggested. It is rather a consequence of aggregation and poor ordering on
the semiconductor surface of dye molecules, whose electronic coupling with acceptor
levels of the semiconductor is then reduced by orders of magnitude.
In the presence of high concentrations of iodide ([I–] ≥ 0.8 M) – a situation
typically encountered in ionic liquids based on iodide melts where I– concentration can
reach 6 M – significant reductive quenching was observed for aggregated samples. Up
to 25 % of the dye excited states were intercepted in these conditions before they could
inject

[65]

. Reaction of aggregated dye excited states with iodide appeared to take place

within a few tens of ps. As well, N-719 and Z-907 anions formed by reductive
quenching of loosely bound dye excited states on the surface were found to be
extremely long-lived and to decay with a time constant of ca. 1 ms. Despite the large
thermodynamic driving force for charge injection from dye anions into the
semiconductor conduction band, this reaction does appear then to take place. This
means that a non-negligible fraction of the potential photocurrent could be lost in DSCs
through the reductive quenching route in the presence of high iodide contents. The
mechanism of the one-electron oxidation of I– by the dye excited state S* or by the
oxidized species is believed to be similar and will be discussed in section 11.4.1.
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Injection from hot vibronic excited states of the dye
There is now compelling evidence that the fastest kinetic phase of electron
injection in cis-[RuII(dcbpy)2(NCS)2]-sensitized nanocrystalline titanium dioxide films
takes place in the femtosecond regime. The vibrational relaxation of the dye excited
state, on the other hand, is expected to occur typically within 0.4–1 ps (kv ≅ 1012 s–1).
Observed injection rate constants of the order of ki = 1013-1014 s–1 therefore certainly
preclude thermalization of the dye excited state S* to its lowest vibrational level v’ = 0
prior to the reaction, and suggest that charge transfer can occur directly from hot
(v’ > 0) excited sensitizer molecules. To experimentally test this possibility, systems
were designed in such a way that the v’ = 0 energy level of the electronically excited
state of the dye lies below the bottom of the conduction band of the semiconductor,
where the density of available acceptor states is low (Fig. 11.12). In these conditions,
charge injection from vibrationally relaxed excited molecules of the sensitizer is either
slow or unfeasible. However, when electron injection from a hot vibronic state of the
dye is able to compete successfully with its nuclear relaxation ( ki’ > kv), charge
injection becomes possible for higher excitation photon energy, and an excitation
wavelength dependence of the quantum yield Φi = k i’ / ( ki’ + kv ) is obtained [52,66,67].
Whether hot injection could eventually lead to a practical device system
allowing to exceed the single-junction Shockley-Queisser limit of 31 % for photovoltaic
power conversion efficiency is debatable

[2]

. Collection of hot conduction band

electrons before their thermalization and trapping seems indeed to be more difficult to
realize than hot injection from upper vibrational levels of electronically excited
molecular sensitizers.
Observations of an excitation wavelength dependence of the charge injection
process show that photoinduced interfacial electron transfer from a molecular excited
state to a continuum of acceptor levels can take place in competition with the relaxation
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Figure 11.12 Energy scheme for a dye sensitizer S adsorbed on semiconductors
characterized by different values of Ecb. On the left, charge injection is
thermodynamically feasible for the dye excited by photons of any energy hν ≥ ΔE0,0. In
the situation depicted on the right, only photoexcitation to hot energy states
( hν > ΔE0,3 ) allow for the injection process.

from upper excited levels. The rather slow growth of the injection quantum yield above
the energy onset suggests it actually reflects the density of acceptor states in the solid
that are present below the conduction band edge. In conditions where the injection
quantum yield is unity ( ki ’ >> kv ) and electron transfer takes place to the conduction
band of the semiconductor (na ≅ 1), the occurrence of the electron transfer process from
a single prepared state S*(v’ > 0) validates the simple model of Eq. 11.15 and allows to
estimate the electronic coupling matrix element | H |. Assuming a frequency of the dye
cation oscillator ϖ ≤ 1500 cm–1, a value of | H | > 500 cm–1 (≅ 2 kT) would be calculated
from a rate constant ki = 5 ⋅ 1013 s–1 measured typically for [RuII(dcbpy)2(NCS)2]sensitized nanocrystalline TiO2. Although the value used for the cation vibration
frequency ϖ, and therefore that determined for | H |, are here probably over-estimated,
this figure corresponds to a rather strong electronic coupling and suggests the electron
injection rate has reached the adiabatic limit.
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Parameters influencing the rate of electron injection
The Franck-Condon weighted density of states factor, that comprises parameters
such as the reaction free energy ΔGo, the nuclear reorganization energy Λ and the
temperature T, is expected to play only a negligible role in systems that are kinetically
near optimum in terms of the Marcus theory and that are characterized by a large
number of acceptor states. According to Eq. 11.14, the rate of interfacial electron
transfer is controlled only by the electronic coupling matrix element | H | and the
acceptor states density. The activationless nature of the charge transfer process has been
experimentally confirmed by the observation of temperature independent injection
kinetics [68]. Other reported data show that, in energetically favorable conditions, the rate
of electron injection is not controlled by the energetics of the sensitizer’s excited state,
nor by the medium reorganization, but rather by the density and occupancy of electronic
states in the solid [34].
The rate of electron injection in nanocrystalline ZnO and MoS2 quantum dots has
been measured. In cis-[RuII(dcbpy)2(NCS)2]-sensitized zinc oxide, a highly nonexponential injection kinetics was measured that could be fitted by three exponential
components with < 1 ps (18 %), 42 ps (46 %), and 450 ps (36 %) rise times

[69]

. The

multi-exponential kinetics could be described by a model assuming a Gaussian
distribution of electronic coupling between the π* orbital of the ruthenium complex
ligands and the accepting orbitals in the solid. The observed kinetics is about 10–100
times slower than that measured on TiO2 in similar conditions. This important
difference can be rationalized by the density of states in the conduction band of ZnO,
which is estimated to be about two orders of magnitude smaller than that in titanium
dioxide

[11]

. In small MoS2 nanoclusters, an electron injection time of 250 ps was

observed upon sensitization by N-3 dye

[64]

. Ground state spectra and adsorption

properties of the dye suggested in this case that electronic coupling between the
carboxylated ligands and the semiconductor surface could not be very different from
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that on TiO2 and ZnO. The quite slow kinetics observed on MoS2 is therefore likely to
be the result of a far smaller density of acceptor states in nanoclusters that exhibit a
strong quantum-confinement.
On titanium dioxide, the photoinduced charge injection process was reported to
take place on time scales ranging from less than 10 fs to several microseconds,
depending on the sensitizer and conditions used

[70]

. Such a spread of the values of ki

over nine orders of magnitude can be accounted for only by very different values of the
electronic coupling between the dye excited state and the acceptor orbitals at the surface
of the semiconductor. Using Eq. 11.15, and assuming for all systems na = 1 and an
average collective vibrational mode frequency of the dye oxidized state ϖ = 1500 cm–1,
electronic coupling matrix element can be calculated for each sensitizer. Obtained
values of | H | vary from 0.02 cm–1 to > 1600 cm–1. | H | values > 200 cm–1 ( = kBT ) are
however hardly compatible with the non-adiabatic assumption of Fermi’s golden rule
(Eq. 11.14) and injection processes occurring in less than 50 fs should then be
considered to proceed adiabatically. Considering Eq. 11.17, and assuming a throughspace damping factor β = 1.2 Å–1, the full range of ki figures between 2 ⋅105 s–1 and
2 ⋅1013 s–1 implies a difference in the electron transfer reaction distance of the order of
15 Å between the slowest and the fastest system.
Various types of association of the sensitizer with the oxide surface could explain
such a difference. The strong electronic coupling prevailing for an efficient sensitizer is
generally the result of the anchoring of the dye molecule onto the semiconductor
surface through a moiety carrying its lowest unoccupied molecular orbital (LUMO).
This situation is clearly encountered in carboxylated Ru(II) polypyridyl complexes,
coumarin or alizarin dyes. The examples provided by xanthenes and N-3 dyesensitization of titanium dioxide demonstrate that the mode and geometry of adsorption
of sensitizers at the surface of the semiconductor can strongly affect the ultrafast
photoinduced charge injection dynamics. A decrease of the donor-acceptor electronic
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coupling is likely to occur with dye molecules loosely associated to the semiconductor
charged surface through electrostatic interaction and/or hydrogen bonding. Results
obtained for the eosin-sensitized aqueous titanium dioxide colloids are exemplary of the
sensitivity of the dynamics of interfacial electron transfer upon surface and
environmental conditions in the weak-coupling case

[6]

. Dispersion of dye monomers

within a nanometers-thick polyvinyl-alcohol adlayer yielded a broad distribution of
distances separating the sensitizer’s excited states from the reactive surface. In this
situation, kinetic parameters for charge injection in the conduction band of TiO2 were
found to cover a large time span from typically 200 fs to hundreds of picoseconds, and
were only limited at longer times by radiative and nonradiative decay of the dye excited
states.
For Ru(II) bipyridyl sensitizers as well as organic dyes, strong electronic coupling
between the π* molecular orbital of the dye excited state and the empty TiIV-3d orbital
manifold of the semiconductor is achieved by directly linking the sensitizer’s moiety
that carries the LUMO to the surface. Both carboxylic and phosphonic anchoring
groups are quite good in attaching dye sensitizers onto the surface of TiO2. Though,
they are not equivalent in terms of electronic coupling. Carboxylic groups attached in
the 4,4’ position on bipyridyl ligands are conjugated with the π-system of the aromatic
core. As a result, the LUMO carried by the ligands can extend through this conjugated
bridge in close proximity to the first empty d-orbitals of surface Ti(IV) ions and thus
ensure strong electronic coupling with the conduction band acceptor levels. πconjugation is not possible through phosphonic groups, which act then as insulating
bridges between the bipyridyl ligand and the surface. Although the adsorption
equilibrium constant is larger for phosphonated ligands than for their carboxylic counter
part, phosphonated dyes are characterized by weaker electronic coupling for charge
injection. Figure 11.13 provides an illustration of the results obtained in the
determination of the injection dynamics from two similar RuII(tpy)(NCS)3 dyes, whose
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Figure 11.13
Ultrafast transient absorption data of RuIIL(NCS)3 | TiO2 systems
recorded with pump and probe wavelengths of 530 nm and 560 nm, respectively. The
structure of the terpyridyl ligand L is indicated for each set of data. The absorbance
change is due to the decay of the dye excited state during the electron injection process.
The kinetics of the injection from the carboxylated dye can be fitted by time constants
120 fs (50%) and 800 fs (50%). Time constants for the phosphonated sensitizer are
800 fs (50%) and 17 ps (50%) [71].

terpyridyl ligand carries a single carboxylic and a phosphonic anchoring group,
respectively. The rate constant obtained for the faster kinetic component is
ki = 8.3 ⋅1012 s–1 for the carboxylated compound and ki = 1.2 ⋅1012 s–1 for the
phosphonated sensitizer. Applying again Eq. 11.17 and assuming a distance damping
factor β = 1.0 Å–1, this 7 fold difference corresponds to an increase of the distance for
electron transfer by ca 2 Å, which is roughly equivalent to the dimension of the
phosphonic group spacer.
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The electronic coupling for interfacial ET can be diminished deliberately by
increasing the distance separating the LUMO of the dye from the surface of the
semiconductor material. The dependence of the multiphasic injection dynamics upon
this parameter could serve to discriminate between the various possible sources of
kinetic heterogeneity. This can be achieved, for instance, by inserting insulating spacer
units between the chromophore and the anchoring group of the dye. Lian and coworkers have studied the bridge-length dependence of ultrafast charge injection from
rhenium-polypyridyl complexes to TiO2 and SnO2 films and have suggested that the
transition between the strong- (adiabatic) and weak coupling (non-adiabatic) cases takes
place for transfer distances increased by only one –CH2 unit length (~ 3 Å)

[58,72]

. The

lengthening of the bridge spacer does not lead in all instances to slower kinetics,
especially if the linker is too flexible or when the molecule can adopt a tilted orientation
on the surface. In an attempt to circumvent this problem, rigid oligophenylene bridges
[73,74]

and tripodal linkers oxide

[75]

were synthesized to anchor sensitizers to the surface

of semiconductor oxide. Sub-picosecond injection rate was observed over a distance of
more than 20 Å, with apparent damping factor values of the order of β = 0.04 Å–1,
indicating important delocalization of the excited state over the rigid spacer arm

[74,75]

.

Perylene-based tripodal sensitizers were studied in conjunction with other perylene
sensitizers in ultra-high vacuum conditions

[76]

. Injection time constants ranging from

13 fs to 4 ps were measured and an exponential dependence upon ET distance was
observed with a damping factor β = 1 Å–1, compatible with through-space electronic
tunneling.
The distance dependence was investigated by another mean using the
phosphonated RuII(4’-PO3-tpy)(NCS)3 dye adsorbed on TiO2 core particles coated by an
insulating Al2O3 shell of increasing thickness. Experimental results displayed by
Figure 11.14 show that electron injection occurs with a relatively high quantum yield
for tunneling barriers as thick as 2-3 nm. Neglecting ultrafast injection, which is likely
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to be due to dye molecules directly attached to TiO2 from holes in the alumina layer, a
biphasic injection kinetic was observed resulting again in β = 0.04 – 0.11 Å–1. As the
barrier to the conduction band of bulk, crystalline Al2O3 is very large (> 3 eV), a β
value of approximately 1 Å–1 was expected. In nm-sized layers made of amorphous
aluminium oxide, empty states should however exist at a potential of –1.5 V/ SHE. This
potential precisely corresponds to the oxidation potential of the excited state of the dye
and therefore indicates that amorphous alumina could directly mediate electron transfer
from the dye excited states to the conduction band of TiO2 [73].

Figure 11.14 Transient absorption decay of the photoexcited state of RuII(4’-PO3tpy)(NCS)3 dye adsorbed onto Al2O3/ TiO2 core-shell nanocrystalline films measured by
pump (λ = 530 nm) - probe (λ = 560 nm) fs laser spectroscopy. Alumina layer thickness
was 1.2 nm, 2.4 nm, 3.0 nm, and 6.0 nm [73].
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An interesting example of strong electronic coupling case is provided by the
alizarin | TiO2 system [32,77]. Chelation of surface Ti(IV) sites by alizarin (1,2-dihydroxyanthraquinone) results in the red shift of the absorption spectrum of the dye by 70 nm
due to deprotonation of both hydroxy groups. The question has been addressed whether
the excited state orbital of adsorbed alizarin extends into the solid and involves the
orbitals of the Ti4+ ion. Computational results suggest indeed a substantial electron
density on surface Ti4+ in the HOMO and thus the formation of a ground-state charge
transfer complex. In the LUMO, however, electron density shifts back to the π* orbitals
of the conjugated rings, indicating that the transition has no, or weak ligand-to-metal
charge transfer character

[78]

Stark effect spectroscopies

. This conclusion was confirmed by resonance Raman and

[79]

, thus ruling out the possibility that charge injection into

TiO2 takes place through a resonant mechanism. Light excitation of alizarin | TiO2
surface complexes results in an adiabatic electron injection process, which was
observed to occur within only 6 fs

[80]

. Despite this apparently very strong electronic

coupling, a sequential mechanism involving the prior formation of a localized
molecular excited state, followed by sub-10 fs electron transfer was indeed observed by
optical pump - probe transient absorbance spectroscopy [80].

11.3.2 Charge recombination

The rate of the electron recapture which takes place between the solid and the
oxidized dye species S+ (Eq. 11.4) has been observed to be generally slower by up to 10
orders of magnitude compared to charge injection rates of efficient sensitizers. Studies
of TiO2 colloidal dispersions and mesoporous nanocrystalline films sensitized by
Ru(II)-polypyridyl complex dyes established that charge recombination indeed occurs
on a tens- to hundreds of microseconds time scale. Four main reasons can be invoked to
explain such a huge difference :
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a) Contrary to the charge injection process, where the electron is transferred to a
continuum of acceptor levels, back electron transfer takes place from the solid to a
discrete electronic state of the oxidized dye molecule. As a consequence, the density of
states FCWD (Eq. 11.14) in the successor system is orders of magnitude smaller than
for the forward ET reaction.
b) While electron injection is generally activationless and thus kinetically
optimal, the high exoergicity of the back transfer can make the system lie deep in the
inverted Marcus region, where the rate of the charge transfer process is expected to
decrease with increasing driving force.
(c) In efficient dye sensitizers, the LUMO extends over the molecule’s moiety
that is directly anchored to the surface of the oxide semiconductor, thus ensuring a
strong donor-acceptor electronic coupling. The charge recombination process takes
place from the solid to the HOMO of the dye, which is ideally localized as far as
possible from the surface (Fig. 11.15). Hence, the electronic coupling matrix element
| H | for the electron recapture process is considerably reduced. The positive charge left
in the HOMO of the sensitizer can delocalize even further apart from the surface on
electro-donating ligands, such as –NCS, or donor moieties, like in redox heterotriads
[81,82]

. Lateral electron transfer across the surface constitutes an additional degree of

freedom for the delocalization of positive charges. A self-exchange electron transfer
reaction mechanism (charge hopping between co-adsorbed sesnsitizer molecules) allow
positive charges to percolate within densely packed adsorbate layer away from the
position where the electron was initially injected [83].
(d) Finally, and perhaps more importantly, conduction band electrons readily
thermalize and get trapped in intraband states. The dynamics of trapping and detrapping
and carriers transport within the solid particle network can control the overall reaction
kinetics that would not then depend upon the sole interfacial electron transfer rate.
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Ball-and-stick molecular model of RuII(dcbpy)2(NCS)2 dye adsorbed
onto TiO2 anatase. While charge injection takes place from the π* LUMO extending
over the carboxylic anchors directly bond to surface Ti4+ ions, back ET returns the
electron to the d-orbital (HOMO) localized on the Ru(III) center, ca 7 Å apart from the
surface.
Figure 11.15

Dependence of back electron transfer rate upon nuclear reorganization
Efficient dye sensitizers of oxide semiconductors are generally characterized by
an oxidation potential of their excited state φ0(S+/S*) that is close to the conduction
band flatband potential of the solid. As a consequence, the free Gibbs energy ΔGb0 of
the back electron transfer can be as negative as –1 to –2 eV, depending on the potential
assumed for free and/or trapped electrons involved in the reaction. The total
reorganization energy Λ associated with the heterogeneous charge transfer process is
typically of the order of 0.5 eV, and is therefore smaller than the reaction driving force
(Λ < –ΔGbo). In terms of current electron transfer theory, this situation, depicted by
Figure 11.16, corresponds to an inverted energetic / kinetic region.
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Figure 11.16 Potential energy parabolas of the three states involved in the interfacial
electron injection and back transfer. While injection is essentially activationless, the
recombination process lies in the inverted Marcus region with –∆Gb > Λb .

For a non-adiabatic process the rate constant is generally expressed by Fermi’s
golden rule (Eq. 11.14). Within the classical limit, where the frequency of the
vibrational modes associated with the activated complex formation is small
( hν << kT ) , Marcus’ classical quadratic relationship applies with :

FCWD =

ΔG

‡

⎛ −ΔG ‡ ⎞
2π Λ k BT exp ⎜
⎝ k BT ⎟⎠

( ΔG
=

0

+Λ

4Λ

)

(11.19)

2

(11.20)
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where ΔG‡ is the reaction activation and Λ the nuclear reorganization energy.
This classical expression is not generally adequate to describe the kinetics of ET within
the inverted region. The potential energy surface of the precursor state S+ | SC(ecb–) in
this case indeed appears inside the PES of the successor complex S | SC, allowing
vibrational wavefunctions of both states to strongly overlap and making nuclear
tunneling underneath the activation barrier particularly efficient. This effect is taken
into account in a semi-classical description of the nuclear factor FCWD, where internal
vibrations, approximated by a single collective high frequency vibrational mode
( hν > kT ), are treated quantum mechanically, while solvent reorganization and internal
low frequency modes are grouped in a continuum of states and considered classically :

FCWD =

⎛ −Λ v ⎞
2π Λ s k BT exp ⎜
⎝ hν ⎟⎠

∞

∑

w=0

(

w
⎛ − ΔG 0 + whν + Λ
1 ⎛ Λv ⎞
s
⎜⎝ ⎟⎠ exp ⎜
4Λ s k BT
w! hν
⎜⎝

)

2

⎞
⎟
⎟⎠

(11.21)
and for the rate constant :
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where | H | is the electronic coupling matrix element, Λv and Λs are the high frequency
mode (inner sphere) and low frequency modes (inner- and outer-sphere) terms of the
reorganization energy ( Λ = Λv + Λs ), respectively. Computation of Eq. 11.22
(Fig. 11.17) shows that the quantum treatment of high frequency vibrational modes has
a marked effect in the inverted Marcus region. The large Franck-Condon coupling that
characterizes generally the inverted region renders nuclear tunneling a dominant
process. The first consequence of this effect is a drastic decrease of the dependence of
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the electron transfer rate upon its energetics. Nuclear tunneling underneath the nuclear
reorganization barrier also means the electron transfer process in these conditions
becomes practically activationless. As a second consequence, it is therefore expected
that the temperature dependence of the electron transfer kinetics disappears.

Figure 11.17 Computation of Eq. 11.22 with | H | = 10 cm–1, Λv = 0.3 eV, Λs = 0.2 eV,
and increasing values of the average high frequency mode wavenumber ω. Introduction
of the quantum mechanics treatment of vibrational reorganization modifies markedly
the prediction of the model compared to that of the classical theory (ω ≤ 50 cm–1). The
difference is much more important in the Marcus inverted region (–ΔG > Λ), where
Franck-Condon coupling is larger.

Numerous experimental evidences of inverted region behavior of the charge
recombination reaction were reported [77,84,85]. The dynamics of the electron back transfer
from the conduction band of TiO2 nanoparticles to the cations of various organic
sensitizers, such as alizarin, merocyanine and coumarin dyes, was investigated in
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alcoholic colloidal dispersions. It was observed to be practically insensitive to
temperature over a window of more than 200 K

[77]

. Although the highly exergonic

recombination reaction was concluded to fall deeply in the Marcus kinetic inverted
region, it is evident from the temperature independent rate constants that the
recombination proceeds essentially as if it would not be controlled by activation.
In accordance with the predictions of the semi-classical model of Eq. 11.22,
observations of a pseudo-activationless behavior

[77,86]

show that the inverted kinetic

region situation of the back electron transfer process cannot be generally invoked as the
cause of its slow kinetics. Light intensity and applied potential bias dependence studies
tend to demonstrate that the back-ET kinetics is primarily controlled by the distribution
and occupancy of trap states in the band gap of the semiconductor and electron
transport in the solid particle network [30,31,86-90].

Experimental determination of the back electron transfer rate
Transparent mesoposous, nanocrystalline TiO2 films allow the back electron
transfer process to be observed in real time using transmittance mode spectroscopy in
conjunction with ns pulsed laser excitation. Dynamic and mechanistic insights have
been gained from transient absorption measurements made under open-circuit
conditions in the absence of an external electron donor, such as each injected electron
recombines with an oxidized sensitizer species. Typical experimental setups based on
high repetition rate laser sources can currently achieve time-resolved measurements of
transient absorbance changes ΔA < 10–4. In the case of cis-[RuII(dcbpy)2(NCS)2]sensitized TiO2, the kinetics of the recombination reaction (Eq. 11.4) can be followed
by observing in real time the decay of the absorption of the dye cation S+ at

λobs > 630 nm, or the recovery of the dye ground-state absorption at λobs < 600 nm
(Fig. 11.10).
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A common source of discrepancy between reported recombination kinetics
measured for identical systems is due to different laser pulse intensities used to excite
the dye. In mesoporous films, if diffusion of injected electrons from one nanoparticle to
the neighboring ones is slow compared to the recombination reaction, ecb– / S+ pairs
produced during the charge injection process (Eq. 11.2) are confined to the restricted
volume represented by one single oxide particle. The recombination kinetics obviously
depends on the average number < x > of reactive pairs per particle and, thus, upon the
excitation light intensity. This situation is comparable to that of e–/ h+ recombination in
semiconductor particles under bandgap irradiation

[91]

. While a first order kinetics

should prevail for < x > ≤ 1, a faster dynamics is expected for larger < x > values,
eventually reaching a second order kinetic regime when < x > ≥ 20 [91].
The average number < x > of ecb– / S+ pairs produced per illuminated spherical
particle in a dye-sensitized nanocrystalline film can be estimated from the values of the
excitation wavelength λex , the energy fluence per laser pulse Fex , the absorbance A of
the dye at λex , the average particle radius r, the thickness of the mesoporous film d, and
its porosity φ :

<x> =

(

)

λex ⋅ Fex ⋅ 1 − 10 − A ⋅ 4π ⋅ r 3
3 h ⋅ c ⋅ d ⋅ϕ

(11.23)

Assuming for a typical sample submitted to a flash photolysis experiment :

λex = 600 nm, A = 1.5, r = 10 nm, d = 8 µm, and φ = 0.5, the condition that < x > ≤ 1
implies the excitation energy fluence of the laser is Fex < 33 µJ ⋅ cm–2. This energy
density is quite low compared to typical laser intensities used for time-resolved
experiments and requires normally the excitation laser pulse is strongly attenuated
through neutral density filters or expanded by a diverging lens before reaching the
sample. In ultrafast laser spectroscopy experiments, pump and probe laser beams are
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usually focused on a very small spot on the sample, which dimensions are of the order
of a few tens of microns. As a consequence, experimental conditions typically used to
monitor the charge injection dynamics result in the excitation of a majority of the dye
molecules and in the production of a large number of ecb– / S+ per particle, often with
< x > values approaching 100. Recombination kinetics observed in these cases are
usually very fast and impossible to compare with data collected using ns flash
photolysis setups and controlled attenuated excitation energy.

Figure 11.18 Temporal evolution of the transient absorbance changes measured upon
laser excitation of N-719 dye adsorbed on mesoporous TiO2 films in MPN solvent.
Bleaching signals observed at λ = 520 nm appear within the ns laser pulse as the result
of ultrafast charge injection. Recovery of the initial absorption of the dye ground state
follows the back electron transfer kinetics. The intensity of the excitation laser pulse
(λ = 600 nm) was varied as to inject an increasing number of electrons per pulse into
the solid. The calculated average number < x > of ecb– / S+ pairs produced per
nanoparticle is indicated on the respective traces.
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Figure 11.18 displays the kinetics observed for the back electron transfer reaction
following charge injection from photo-excited N-719 dye into mesoporous TiO2 films.
At low excitation light intensity, yielding < x > = 0.4, a half reaction time t1/2 = 100 µs
is estimated from the trace, which could be fitted by a first order rate law with
kb = 7 ⋅ 103 s–1. Increasing the laser pulse intensity results in faster recombination
kinetics that can hardly be fitted by an exponential law anymore. t1/2 is observed to be
shortened to ~ 50 µs for < x > = 1.2, and further to 20 µs, 10 µs, and 3 µs at < x > = 2.6,
6.6 and 22, respectively.
Large optical densities of dyed samples of the order of A = 1-2 imply that light
is attenuated considerably through the film. The intensity reaching the first layer of
particles at the illuminated surface is therefore approximately one or two orders of
magnitude larger than that attaining the bottom layer. This effect is likely to cause a
large spread of the number of ecb– / S+ pairs produced per nanoparticle and
inhomogeneity in the kinetics observed globally by transient transmittance
spectroscopy. In practice, with dye sensitized films exhibiting typically an absorbance
A = 1.5 at the laser excitation wavelength, the observed recombination kinetics keeps on
changing upon decreasing excitation intensity, until the laser fluence is dimmed below
12 µJ ⋅ cm–2 (< x > ≈ 0.4).

Distance dependence of back electron transfer dynamics
Reaction rate due to distance-dependent electron tunneling from conduction band
electrons TiO2(ecb–) to surface bound oxidized dye S+ acceptor species should follow an
exponential dependence upon spatial separation, as observed for the electron injection
process. Using sensitizers anchored to the surface of titanium dioxide through bridges
of various length and redox heterotriad structures, several studies reported indeed rate
constants following Eq. 11.18 with a damping factor of the order of β = 1.0 Å–1,
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corresponding to through-space electron tunneling [2,81,82,92]. Spectacular extension of the
lifetime of light-induced charge-separated states to over several seconds was reported in
particular for heterotriads made of ruthenium complexes anchored to nanocrystalline
TiO2 and covalently linked to a polymeric chain of triphenylamine groups. The halftime for the recombination process between the injected electron and the oxidized
amine increased from 350 ms to 5 ms and to 4 s as the number of triphenylamine
subunits increased from 1 to 2 to 100, respectively [92].

Figure 11.19

(A) Transient absorption decay of the oxidized state of RuII(4’-PO3-

tpy)(NCS)3 dye adsorbed onto Al2O3/ TiO2 core-shell nanocrystalline films. Alumina
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layer thickness was 1.2 nm, 2.4 nm, 3.0 nm, and 6.0 nm. λ(pump) = 535 nm, λ(probe) =
650 nm. Laser pulse fluence Fex = 20 µJ/ cm2. (B) Dependence of the observed back
electron transfer time constant 1/ t1/2 upon the thickness of the coating layer [2,73].
Phosphonated ruthenium terpyridyl complex RuII(4’-PO3-tpy)(NCS)3 adsorbed on
transparent mesoporous films made of core/ shell TiO2 particles coated by layers of
Al2O3 of increasing thickness was mentioned above (Fig. 11.14) for electron injection.
The same system can be used to study the distance dependence of the charge
recombination kinetics without having to change the actual molecular structure of the
dye sensitizer

[73]

. Figure 11.19 shows that tunneling of ecb– (TiO2) through the alumina

layer to dye cations adsorbed on the outer surface is considerably increasing the half
lifetime of the charge separated state from 6 µs on naked TiO2 to 60 ms for a 6 nm-thick
alumina overlayer (Fig. 11.19). Analysis of the donor-acceptor spatial separation
dependence yields a damping factor β = 0.15 Å–1. Compared to the values of β = 0.04 0.11 Å–1 obtained for the electron injection process, this latter figure indicates that
recombination rate is apparently attenuated in a greater extend than forward ET. This
particular behavior of an unusual weak distance dependence of charge injection was
also observed for p-oligophenylene-bridged sensitizers adsorbed on TiO2

[73,74]

. In this

case, this effect is believed to be due to the coupling of the tunneling electrons to nonequilibrium longitudinal vibrational modes of the phenylene molecular bridge

[74]

. As

the same rationale is hardly applicable to the alumina spacer case, this effect will
certainly deserve more attention.

Role of trap states in non-exponential recombination kinetics
Under experimental conditions where the injected electron always returns to the
same dye molecule, because of geminate recombination or because the injected electron
and the dye cation are confined within a single solid particle, back electron transfer
reaction should follow a first order kinetics. Unlike colloidal dispersions, for which
back-electron transfer process has been found to generally follow a single exponential
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, charge recombination observed on dye-sensitized mesoporous TiO2 films

usually display intricate non-exponential kinetics. Temporal evolution of the
recombination reaction is generally well described by the Kohlrausch-Williams-Watts
(KWW) stretched exponential function (Eq. 11.24), where C(t) is the concentration of
the reacting dye cation at time t, Co the initial concentration, ko a representative modal
first order rate constant, and 0 < γ ≤ 1 a dispersion parameter inversely related to the
width of the rate constant distribution.

(

C(t) = Co ⋅ exp ⎡ − ko ⋅ t
⎢⎣

)γ ⎤⎥⎦

(11.24)

Fitted parameters ko and γ , however, do not provide much physical insights and the
dynamics is preferably characterized by the half-reaction time t1/2 and an average firstorder rate constant <k> = 1/ t1/ 2. This peculiarity of sintered membranes could be
rationalized in terms of trapping of injected electrons at grain-boundaries and at sites
that are absent in dispersed colloidal particles, where the reaction in the presence of
surface-complexing dyes is believed to involve free conduction-band electrons or
carriers that are localized in shallow traps [3]. Interestingly, as the back electron transfer
process becomes sufficiently slow, for instance by increasing the reaction distance with
a wide spacer, the dispersion of Eq. 11.24 is generally observed to become narrower
(γ → 1) and the kinetics eventually to follow a simple first order rate law with
kb = ko = (1/ t1/2 ) ⋅ ln 2 [92,94].
Multiexponential kinetics of back electron transfer processes were reported in
numerous recent publications. Although it was suggested the complex kinetics could be
due to vibrational relaxation and solvation of the dye oxidized state produced initially
by the back electron transfer reaction

[95]

, the role of trapping sites in nanocrystalline

porous semiconducting electrodes was clearly identified by examining the bias potential
dependence of the recombination rate

[29,31,96]

. The rate of recombination of injected
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electrons with oxidized sensitizer molecules is strongly dependent upon the
concentration of electrons imposed by the applied potential in the conduction band and
trap states. Haque et al. scrutinized the parameters influencing charge recombination
kinetics in N-719 dye-sensitized nanocrystalline TiO2 films and found it was strongly
dependent upon excitation intensity, electrolyte composition, and the application of an
electrical bias to the semiconductor oxide [31].

Figure 11.20

(A) Transient absorption decay of the oxidized state of N-719 dye-

sensitizer adsorbed on a TiO2 nanocrystalline electrode under potentiostatic control.
Dependence of the charge recombination kinetics upon the applied potential is shown
for potentials ranging from + 0.2 V to – 0.5 V vs AgCl/ Ag. (B) Dependence of the
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back-electron transfer kinetics upon applied potential for a N-719-sensitized
nanocrystalline TiO2 electrode. Experimental conditions and data are those of Haque et
al. [31].
Figure 11.20 (A) displays absorption transients collected for potentials applied to
a mesoporous TiO2 electrode sensitized by N-719 dye ranging from + 0.2 V to – 0.5 V
vs AgCl/ Ag. These data exhibit non-single-exponential behavior. While at applied
potentials of + 0.1 V and + 0.2 V charge recombination follows similar kinetics,
reduction of the bias voltage below 0 V increases the reaction rate by several orders of
magnitude

[30]

. A plot of log ( t1/2 ) versus the applied potential, Fig. 11.20 (B), shows a

ten fold augmentation of the rate for every 100 mV increase in the forward bias
potential. A simple comparison with data reported in Fig. 11.18, where a half-reaction
time t1/2 = 100 µs was obtained in open circuit conditions, indicate that in the absence of
electrical and light bias the potential of the TiO2 film is roughly equal to 0 V vs
AgCl/ Ag reference electrode.
At a constant applied potential, the charge recombination kinetics were found to
be also dependent upon electrolyte composition

[31]

. This strong dependence correlated

with the shift of the energetic position of the conduction band/ trap density of states
which is affected by the nature of the solvent and the presence of potential determining
ions. Similarly to the bias voltage dependence, a 500 mV negative shift of the
conduction band edge of TiO2 induced by a variation in the electrolyte composition
caused an acceleration in the recombination rate by more than five orders of magnitude.
These observations show that the kinetics of charge recombination between electrons
injected into nanocrystalline oxide films and adsorbed dye cations are strongly
dependent upon the occupancy and energetics of the electronic states of the solid .
A numerical model based on the continuous-time random walk theory (CTRW)
was applied to explain the stretched exponential kinetics and strong potential bias
dependence of the recombination reaction. Observed kinetics was well described by
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such a model and a KWW function, thus indicating that the back electron transfer
process is controlled by dispersive electron transport between energetically and
spatially distributed trap sites within the oxide nanoparticles [87,89,97,98].
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11.4 ELECTRON TRANSFER DYNAMICS INVOLVING
THE REDOX MEDIATOR
Conditions prevailing in operating DSCs at the maximum power extraction point
correspond to a potential of the titanium dioxide photoanode approximately 500 mV
more negative than the electrochemical potential of the mediator. The standard
electrochemical potential of the triiodide/ iodide redox couple in aprotic solvents, such
as propylene carbonate and acetonitrile, is roughly φ0 (I3–/ I–) = + 0.21 V vs AgCl/ Ag
[99]

. For an iodide-based electrolyte, with typically 10 % added iodine, the Nernst

potential of (I3–/ I–) couple would then establish approximately at + 0.15 V and the
corresponding Fermi potential in the TiO2 at φF ≅ – 0.35 V vs AgCl/ Ag. In the case of
the N-719 | TiO2 system, recombination between conduction band electrons and
oxidized dye sensitizer species at the interface (Eq. 11.4) would in such operating
conditions take place within less than 1 µs (Fig. 11.20).
Interception of the dye cation must be sufficiently fast as to compete successfully
with the unwanted charge recombination. According to Eq. 11.7, and approximating the
kinetics of the back-electron transfer (Eq. 11.4) by an exponential law with kb = 106 s–1,
a pseudo first-order rate constant kr ≥ 107 s–1 for the reduction of the dye oxidized state
by the mediator (Eq. 11.5) would be required to ensure that the dye regeneration yield is
at least 90 %. This stringent requirement is relatively difficult to meet with practical
electrolytes. The dynamics of the interception of the dye cation by the mediator is
therefore key to the overall performance of DSCs.
The operating voltage of the solar cell (~ 0.5 V) corresponds also to the driving
force of the indirect recombination process, taking place between conduction band
electrons in the semiconductor and the oxidized mediator (Eq. 11.6). The latter
interfacial reaction is at the origin of the dark current observed in DSCs and its
occurrence involves both a decrease of the photocurrent and of the open-circuit voltage
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of the photovoltaic device. Transport of positive charges through the mediator (liquid or
solid) to the counter electrode is therefore equally crucial for the energy conversion
efficiency.

11.4.1 Kinetics of interception of dye cations by a redox mediator

Dynamics of reaction involving iodide-based electrolytes
Iodide-based electrolytes have been found to be particularly suited for dyesensitized photo-electrochemical solar cells based on nanocrystalline TiO2, ZnO or
SnO2. I– anions are able to rapidly regenerate the sensitizer, while the indirect
recombination process between ecb– (TiO2) and I3– appears to be particularly slow. In
these devices no other known redox couple works nearly as well. In solution iodide is
capable of quenching reductively the excited state of many molecular dyes. On a
semiconductor surface, such as SnO2 and TiO2, however, reductive quenching of nonaggregated sensitizer molecules by iodide is not able to compete kinetically with the
ultrafast charge injection [2,100].
The detailed mechanism of the two-electron transfer dye regeneration reaction
(Eq. 11.5) has not been fully elucidated and many factors appear to influence its rate.
The following one-electron transfer reactions can in principle take place on the surface
of the oxide and account globally for the oxidation of iodide to triiodide [2,101] :

S+ | TiO2 + I– → S | TiO2 + I ·

(11.25)

I · + I– → I2–·

(11.26)

S+ | TiO2 + 2 I– → S | TiO2 + I2–·

(11.27)

2 I2–· → I– + I3–

(11.28)
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Figure 11.21 Diagram of standard potentials vs SHE (aq.) for redox couples relevant
to the dye regeneration in acetonitrile. φ0 (S+/S) is indicated for N-3 dye [33].
Potentials of (I3–/ I–), (I2/ I–) and (I2/ I3–) couples were taken from ref. [99]. φ0 (I ·/I–) in
acetonitrile is extracted from [102]. In aqueous solution, potentials of (I ·/I–) and (I2– ·/I–)
couples are +1.33 V and +1.03 V/ NHE, respectively [2]. In acetonitrile φ0 (I2– ·/I–)
should be lower than in water, with a value of ca +0.9 V. φ0 (CoIII/ CoII) indicates the
standard one-electron oxidation potential of the CoII(dbbip)22+ complex [103,104].

Figure 11.21 displays a diagram for the redox chemistry of iodide. Oxidation of I– to I2–·
radical is thermodynamically more favorable than the reaction leading to the iodine
atom. Thus, reaction of Eq. 11.27 is favored over that of Eq. 11.25, provided that (I–, I–)
–

or (S+, I ) ion pairs are present in significant amounts [101].
Dynamics of electron transfer between oxidized ruthenium(II) polypyridyl
complexes and halide ions in heterogeneous systems has been probed employing
experimental conditions and methods similar to those used to monitor the back electron
transfer reaction in the absence of a redox-active electrolyte. Electrostatic binding of
oxidized halide ions and ion pair formation on the surface of oxide semiconductor
particles was proposed by several studies. The kinetics of re-reduction of the oxidized
state of N-719 sensitizer adsorbed on nanocrystalline TiO2 films by iodide was
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measured by transient laser spectroscopy in the presence of various redox-inactive
metal cations, whose role was to modulate the sensitized TiO2 surface charge upon
specific adsorption onto the oxide [13].

Figure 11.22 (A) Reciprocal half-reaction time (1/ t1/2 ) of N-719 dye regeneration
following electron injection into TiO2. Concentration of iodide [I–] = 0.1 M in
anhydrous propylene carbonate was kept constant, while [Li+] was varied. (B) Zetapotential of undyed (b,  ) and N-719-dyed (d,  ) titanium dioxide nanoparticles
dispersed in dry propylene carbonate, determined by electrophoresis as a function of Li+
concentration. Points labelled ‘a’ (  ) and ‘c’ (  ) represent ζ-potentials of naked and
dye-sensitized particles, respectively, in PC solutions containing no Li+ [13].
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The rate of the reaction leading to the regeneration of the dye ground-state was
found to depend strongly on the nature and concentration of cations present in the
solution (Fig. 11.22)

[13]

. Small cations able to specifically adsorb onto the oxide

surface, such as Li+ and Mg2+, favor the fast oxidation of iodide by the sensitizer’s
oxidized state. A sudden acceleration of the electron transfer process was observed at a
critical cation concentration. Electrophoretic measurements showed that this
concentration corresponds to the reversal of the titanium dioxide particle surface charge
from negative to positive upon adsorption of ζ-potential-determining species. This
observation was interpreted in terms of the switching from a reaction mechanism to
another one, characterized by a different rate constant. The slower reaction path, that
does not require the iodide anions to be adsorbed onto the surface, was attributed to the
thermodynamically unfavorable oxidation of I– to iodine atom (Eq. 11.25).
Alternatively, the encounter of an intermediate complex (S+, I–) formed kinetically fast
(Eq. 11.29) with a second iodide anion could yield I2–· radicals directly as a product of
the electron transfer process (Eq. 11.30).

S+ + I– ⇄ (S+, I– )

(11.29)

(S+, I– ) + I– → S + I2–·

(11.30)

S+ + (I–, I– ) | TiO2 → S + I2–·

(11.31)

These reactions should be prevalent as long as the solid surface is negatively charged.
When the surface zeta-potential is reversed to positive upon adsorption of small cations,
a faster mechanism becomes predominant. Because it requires high local concentration
of I– on the surface of TiO2, the latter was suggested to be due to the thermodynamically
more favorable oxidation of I– to I2–· that involves prior formation of (I–, I–) ion pairs on
the surface (Eq. 11.31). Both mechanisms depicted by Eqs. 11.30 and 11.31 are based
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on a fast pre-equilibrium and should thus be characterized by a second order kinetic
law.
Durrant et al. reported a transient absorption study of the kinetics of re-reduction
of ruthenium bipyridyl dye cations adsorbed to nanocrystalline TiO2 films by iodide
ions, employing a series of RuII(dcbpy)2X dyes, where (dcbpy) = 4,4′-dicarboxy-2,2′bipyridyl and X = (NCS)2, (CN)2, Cl2, and diethyl-dithiocarbamate (DTC)

[105]

. Data

indicated that the regeneration reaction proceeded via a transient intermediate complex
(S+- I– ) formed by reaction of photogenerated dye cations with one iodide anion. The
subsequent reaction of this complex with a second iodide ion, forming I2–·, was shown
to be the kinetically and thermodynamically limiting step in the overall regeneration
reaction. A recent computational study of the interactions between I– and N-719 dye
sensitizer explored the various pathways that could lead to (S+- I–) adducts

[106]

. This

work reached in particular the conclusion that a charge transfer adduct is likely to be
formed between iodide and the sulfur atom of the thiocyanate ligand of the oxidized dye
with a distinctive S – I bonding. Other plausible intermediate were analyzed based on
an inner-sphere interaction between the ruthenium center and the redox mediator. In
addition, computational evidence of a charge transfer process taking place between I–
and an intermediate [RuIII(dcbpy)2(NCS)I]+ resulting from an initial ligand exchange
reaction was identified.
In RuII(dcbpy)2X–type dyes, some of the properties of the MLCT excited state are
common to the oxidized species. As indicated by comparable absorption spectra, both
species are characterized by similar electron densities on the Ru(III) center and the
halide or pseudo-halide X ligands. As a result, intermediate charge transfer complexes
are also likely to be formed between the electron-rich I– anion and the electron-deficient
RuIII or X ligands in the dye excited state. Experimental evidence of such a complex
formation was brought for RuII(dcbpy)32+ dye adsorbed on the surface of aqueous TiO2
colloidal particles

[107]

. A transient was observed in the λ = 700-800 nm spectral region
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with an extinction coefficient 6 times larger than that of I2–·, which was assigned to an
adduct species (S*- I– ). Although similar in nature, the oxidation of I– by S+ and S*
species of N-719 dye sensitizer on the surface of TiO2 differ strongly on the kinetic
point of view. While the interception of the dye cation by iodide takes place within
approximately 100 ns in pure iodide ionic liquids ([I–] = 5.5 M), reductive quenching of
the excited state of ill-adsorbed N-719 dye molecules in identical conditions proceeds
approximately 4 orders of magnitude faster, in the picosecond time scale.
While cooperative interaction of Ru(II) complex-based dyes with iodide has been
observed in several systems, bulky ligands carried by the sensitizer molecules can also
constitute a steric barrier for the approach of iodide species and affect negatively the
regeneration process dynamics. Such an effect is particularly evident with RuII(4,4’dcbpy)(4,4’-dinonyl-bpy)(NCS)2 (Z-907) dye. The advantage of using an amphiphilic
polypyridyl ruthenium sensitizer such as Z-907 for maintaining the DSC device
stability was demonstrated

[108]

. Subsequently, Z-907 has been widely used with non-

volatile, lithium-free 3-methoxy-propionitrile (MPN)-based electrolytes. A typical
comparison between the kinetics of the interception of both N-719 and Z-907 dye
cations by iodide is provided by Figure 11.23. In the presence of a concentration of
iodide of [I–] = 0.7 M in MPN, the regeneration of N-719 is characterized by a halfreaction time t1/2 = 200 ns. In identical conditions, this reaction is observed to be slower
by approximately 2 orders of magnitude in the case of Z-907 sensitizer, for which a half
reaction time t1/2 = 15 µs is observed. Such a drastic effect is attributed to the two nonyl
groups equipping one of the Z-907 ligands.
These alkyl chains, whose role is precisely to constitute a hydrophobic barrier
against possible adsorption of water onto the surface of TiO2 and consequently adverse
desorption of the dye, clearly impair the access of iodide anions to the Ru(III) center of
the oxidized sensitizer species and/ or to te –NCS ligands. Although largely redundant
in the case of N-719, the kinetics of the regeneration process for Z-907 is tightly
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sufficient to compete with back electron transfer. Data of Fig. 11.24 show indeed that
20 µs after the laser pulse, 20 % of oxidized dye species would have undergone
recombination with conduction band electrons in the absence of iodide. Over the same
time period, approximately 30 % of Z-907 dye cations are remaining unreacted, while
the regeneration of N-719 dye is complete. Application of Eq. 11.7 with
kr = 1/ t1/2 = 6.7 ⋅106 s–1 and kb = 5.6 ⋅104 s–1 leads to a competition yield ηr = 92 %,
indicating that 8 % of the separated charges would have recombined in these conditions.

Figure 11.23 Transient absorption decay kinetics of the oxidized state of N-719 and
Z-907 dyes adsorbed on nanocrystalline TiO2 films in pure MPN solvent and in a nonvolatile, lithium-free electrolyte, coded Z-908, containing [I–] = 0.7 M in MPN. Half
reaction times measured for the systems Z-907/ MPN, Z-907/ Z-908, and N-719/ Z-208
are t1/2 = 180 µs, 15 µs, and 200 ns, respectively.
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Slow intrinsic oxidation of iodide by the oxidized sensitizer cations must be
compensated by the use of large concentrations of iodide. Due to the limited solubility
of conventional iodide salts, such as LiI and TBAI, addition of ionic liquids has been
found to provide a simple way to obtain practically interesting iodide concentrations of
the order of 1-2 mol ⋅l–1 in MPN solvent. Figure 11.24 (a) shows the iodide
concentration dependence of the reciprocal half-reaction time kr’ = 1/ t1/2 for the
regeneration of Z-907 dye

[51]

. Addition of increasing amounts of PMII (N-propyl-N’-

methyl-imidazolium iodide) ionic liquid in MPN allowed to obtain iodide
concentrations up to [I–] = 2.5 M. The obtained dependence is not linear for 0 < [I–
] < 1.5 M, showing that the kinetics cannot be simply approximated by a pseudo firstorder rate law at lower concentrations. The slope of the function 1/ t1/2 = f ([I–])
increases from a value of 2 ⋅104 M–1 ⋅s–1 for [I–] ≤ 0.5 M to 105 M–1 ⋅s–1 for [I–] ≥ 2 M.
As the iodide concentration exceeds 1.5 M, the slope remains invariable, yielding a
second-order rate constant kr” = 1 ⋅105 M–1 ⋅s–1. The observed sublinear function for [I–
] < 1.5 M in Fig. 11.24 (a) indicates that the apparent concentration of iodide reacting
with S+ species is smaller than the bulk concentration of the electrolyte. This suggests
that a repulsive interaction exists between I– anions and the dyed surface. A much
higher value kr” = 2 ⋅107 M–1 ⋅s–1 of the second order rate constant was observed for
systems associating LiI electrolytes and N-719 dye-sensitizer, whose ligands do not
carry any aliphatic chain and where the TiO2 surface is expected to be positively
charged [13].
Data sets (b) and (c) of Fig. 11.24 illustrate a case where attractive interactions
are clearly prevailing between the dyed surface and the iodide mediator

[109]

.

Dependence of the regeneration reaction kinetics upon the I– concentration in the bulk
of the electrolyte was studied in the case of an analog of Z-907 dye: [RuII(4,4’dicarboxy-2,2’-bpy)(4,4’-dimethyl-2,2’-bpy)(NCS)2 dye, coded N-820, that carries only
methyl groups on one of its ligand, rather than nonyl aliphatic chains. The surface of
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TiO2 is found to be negatively charged after adsorption of the N-820 dye sensitizer,
with a zeta-potential = – 16 mV, quite similar to the value obtained with Z-907. The
iodide concentration dependence of the regeneration process rate displays in this case a
large superlinear behavior. The initial slope of the 1/ t1/2 = f ([I–]) function establishes at
4 ⋅105 M–1 ⋅s–1 for [I–] ≤ 0.1 M but declines rapidly to reach a plateau at [I–] ≥ 1 M.

Figure 11.24

Dependence of the pseudo first-order rate constant kr’ = 1/ t1/2 of the
regeneration of Z-907 (a,  ) and N-820 (b,  ) dyes adsorbed on nanocrystalline TiO2
films upon I– concentration in MPN. Data points c (  ) were obtained with N-820sensitized TiO2 and 0.5 M 1-methyl-benzimidazole base (NMB) added in the
electrolyte. Data set a is from ref. [110]. Data points b and c are from ref. [109].

This behavior is consistent with a Langmuir adsorption isotherm description
(Eq. 11.8), where an associative interaction between I– species and the dyed surface
seems to be operative. The static reactive concentration of iodide associated with the
dye layer is larger than the bulk concentration provided the mediator content is kept

11. Dynamics of interfacial and surface electron transfer processes

71

relatively low. At higher I– bulk concentrations, though, the static amount of the
electrolyte able to react appears limited by a maximum surface concentration in a
saturated layer. Addition in the solution of 0.5 M of 1-methyl-benzimidazole (NMB),
an organic base likely to adsorb on the acidic surface of the oxide and to scavenge the
protons released by the dye upon adsorption, did not affect the superlinear
concentration dependence of the interception rate but reduced the maximum surface
concentration by 30 % (data points c). Comparison of results obtained for both dye
sensitizers then suggests that reactive iodide species are primarily kept outside of the
Z-907 dye layer, involving a dynamical reaction kinetics. Surprinsingly, in the case of
N-820, the regeneration process seems to proceed exclusively with a static
concentration of I– anions or (I–, I–) pairs adsorbed on the surface of the oxide.

Alternative redox mediator electrolytes
Despite its good performance, the triiodide/iodide couple has several drawbacks:
the triiodide ion absorbs a significant part of the visible light when employed at high
concentration, its aggressiveness towards silver prevents the use of this metal as current
collector in large cells. More importantly, the dye regeneration is complicated by the
fact that the conversion of iodide to triiodide involves the transfer of two electrons. A
large driving force is therefore necessary to carry out the primary oxidation step from
iodide to iodine atom or to I2–· species. The resulting potential mismatch between the
(S+/ S) and (I3–/ I–) redox couples is responsible for a large polarization loss of nearly
0.6 V. Two electrons reduction of I3– at the counter electrode is hampered by a large
overpotential barrier on doped tin oxide transparent electrodes that requires a catalytic
coating of platinum on the counter electrode. Cheaper materials like graphite, silver or
copper could however be used with a one-electron mediator of less corrosive nature.
Pseudo-halides couples (SCN)2/ SCN– and (SeCN)2/ SeCN– were evaluated for
their utilization in dye-sensitized solar cells. Although potentials of these mediators are
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more positive than that of I3–/ I–, low conversion efficiency and poor stability were
obtained, which were attributed to slow interception of dye cations. Endeavors to
increase the photovoltage of DSCs by replacing iodide with a one-electron, outersphere redox couple with a more positive oxidation potential have not fully succeeded
yet, largely because of the limitations imposed by fast indirect charge recombination
(dark current) and slow diffusion of the alternative mediator. It also has been inferred
from intensity-modulated photovoltage spectroscopy experiments that the complex
mechanism of the oxidation of iodide could in fact be essential to the energy conversion
efficiency of DSCs and that attempts to use a simple one-electron redox mediator
system instead are unlikely to be successful [111,112].
Organic mediators, such as quinone/ hydroquinone, phenothiazines, and
triarylamine donors gave interesting results. These systems provide remarkably longlived interfacial charge-separated pairs but show deceiving photovoltaic performances.
Solid-state devices have been described, in which the liquid electrolyte present in the
pores of the nanocrystalline film is replaced by a large band gap p-type semiconductor
acting as a hole transporting medium. Parallel to this development, bis[2,6-bis(1’butylbenzimidazol-2’-yl)pyridine]cobalt(II) complex (CoII(dbbip)22+) has been proposed
as a redox mediator in DSC. This compound, whose oxidation potential in acetonitrile
establishes at +0.36 V/ SCE (+0.6 V/ SHE, Fig. 11.21), performed best among a series
of complexes [CoII(LLL)2]2+, and is presently the only alternative mediator to rival
triiodide/ iodide couple in DSCs [103,104].
Interception of N-719 dye oxidized state by electron transfer from the
CoII(dbbip)22+ complex in dilute electrolyte was found to follow a first-order kinetics
with a rate constant kr = 5 ⋅105 s–1. Above a threshold of 10–2 M, under which the
cationic relay is essentially adsorbed onto the negatively charged particle surface, larger
concentrations of the reduced mediator resulted in a linear increase of the apparent rate,
yielding a second-order rate constant kr” = 2.9 ⋅106 M–1 ⋅ s–1, approximately one order
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of magnitude smaller than the values reported for iodide [13]. Contrary to the case of I–based electrolytes, in which a cooperative effect of adsorbed cations was observed,
addition of 0.1 M Li+ did not yield any noticeable change in the interception kinetics
measured with the cobalt complex dication. Static interception compensates for the
intrinsically slower reduction of S+ by CoII(dbbip)22+, resulting in an observed pseudofirst-order rate similar to that obtained with the triiodide/ iodide system. Partial
oxidation of the mediator causes, however, a significant drop of the regeneration rate.
This effect is attributed to the preferential adsorption of the tercationic species
CoIII(dbbip)23+ at the interface and canceling of the static component of the dye
regeneration reaction dynamics.

Hole-transporting media
In dye-sensitized photovoltaic cells, practical advantages may be gained by the
replacement of the liquid electrolyte with a solid charge-transmitting medium.
Inorganic p-type semiconductors such as CuI and CuSCN have been proposed in this
regard. Over the last two decades there has been a burst of interest, both academic and
industrial, in organic semiconductors and hole transporters with the recent realization of
commercial products incorporating “plastic electronics”. Ideal materials must satisfy the
conditions to have a work function in the 4.5 - 5.5 eV range, to undergo rapid hole
exchange with the oxidized dye, implying a small reorganization energy, and to show
negligible light absorption in the visible. The use of 2,2’,7,7’-tetrakis (N,N-dip-methoxyphenyl-amine)-9,9’-spirobifluorene

(spiro-OMeTAD)

to

constitute

an

amorphous hole transmitting material, in conjunction with a mesoporous TiO2 film
sensitized by N-719 dye, allowed to build a solid-state dye-sensitized solar cell with
high photon-to-electron conversion efficiencies [113].
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Figure 11.25 shows an energetic scheme for the electron transfer processes taking
place at the dye-sensitized heterojunction of such a device. Electron injection from the
sensitizer’s excited state into the conduction band of TiO2 is followed by regeneration
of the dye by hole injection into the hole transporting material (HTM). Conduction
band electrons in the metal oxide, as well as holes in the organic medium are then
transported by a hopping mechanism to the anode and the cathode, respectively. Pulsed
picosecond laser photolysis showed that the hole injection from the oxidized dyesensitizer [RuIII(dcbpy)2(NCS)2]

+

into spiro-OMeTAD hole transporter material

proceeds over a broad time ranging from < 3 ps to > 1 ns

[114]

. This wide time-span is

attributed to a statistical distribution of the dye-hole conductor separation distances, and
suggests that the dye is not perfectly and uniformly contacted by the mediator
molecules. Furthermore, ns flash photolysis experiments applied to samples prepared
by typical techniques used to fill the pores of the sintered TiO2 films with the organic
material have actually demonstrated that up to 30-50 % of the oxidized dye species
resulting from the charge injection process are not intercepted before they recombine
with conduction band electrons. Despite the large kinetic redundancy of the hole
injection process compared to the back-elecron transfer, the performance of solid-state
devices based on spiro-OMeTAD mediator is often limited by this problem.
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Figure 11.25 Energetic scheme of electron transfer processes taking place in a dyesensitized TiO2 | spiro-OMeTAD | Au heterojunction photovoltaic cell. Also shown is
the molecular structure of the organic hole transporting material (HTM).

11.4.2 Conduction band electron - oxidized mediator recombination

Back electron transfer reaction between conduction band electrons and the
oxidized form of the mediator (Eq. 11.6) is the ultimate fate of photoinjected carriers.
This process manifests itself as dark current in limiting the photovoltage that can be
attained in dye-sensitized photovoltaic cells. In the case of I3–/ I– electrolytes, oneelectron reduction of triiodide leads to the now familiar I2–· radical species (Eq. 11.32),
which yields iodide through dismutation (Eq. 11.33). A second recombination path in
principle also exists, which is represented by Eq. 11.34. This process is coupled to the
reduction of I3– (Eq. 11.32), but could also be consecutive to the production of I2–· by
the dye cation interception reaction (Eq. 11.27).
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I3– + ecb– → I2–·

(11.32)

2 I2–· → I3– + I–

(11.33)

I2–· + ecb– → 2 I–

(11.34)

On the surface of TiO2 sensitized by a Ru-based dye and in the presence of iodide
electrolyte, the decay of injected electrons by reaction with the oxidized mediator was
followed by intensity modulated photocurrent-, microwave conductivity-, and timeresolved optical spectroscopies. This process was observed to occur within a time frame
of hundreds of milliseconds to seconds. On mesoporous TiO2 electrodes sensitized by
cis-RuII(dcbpy)2(NCS)2, the rate of the indirect recombination reaction of injected
electrons with I3– was reported to be second order in the electron density, with
k” = 104 M–1 ⋅s–1 at [I3–] = 5 ⋅10–2 M [111,112]. Such a slow reaction obviously implies the
charge transfer takes place from fully thermalized and trapped carriers. It also suggests
the reaction of electrons with I2–· (Eq. 11.34) to be unable to compete kinetically with
the radical anion dismutation (Eq. 11.33), whose rate constant is > 109 M–1 ⋅s–1

[107]

.

Recombination of ecb– (TiO2) with CoIII(dbbip)23+ was measured directly by
following the decay of the transient absorption due to the oxidized mediator species [103].
A clean pseudo-first order rate behavior was observed in this case, with a second order
rate constant k” = 3 ⋅104 M–1 ⋅s–1, only slightly larger than that obtained for I3–
electrolyte. This result demonstrates once more that the rate of the recombination is
actually limited by detrapping of electrons in the solid rather than by the interfacial ET
dynamics. On a general point of view, it shows that systems based on one-electron
redox mediators characterized by low reorganization energy and thus able to reduce
rapidly the oxidized dye species do not fatally have to pay a tribute to the indirect
recombination process. Important dark current usually observed in such systems, are
essentially due to the reduction of the mediator on the conducting glass that is in direct
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contact with the electrolyte at the bottom of the porous titanium dioxide film. This short
circuit can be decreased markedly by depositing a thin, dense TiO2 blocking layer
between the supporting electrode and the nanocrystalline film. This blocking layer is
not necessary in the case of the use of iodide-based electrolytes because of the
irreversibility of the I3–/ I– redox couple on doped tin oxide.
As for the recombination of conduction band and trapped electrons with the
oxidized dye species at the surface, the rate of the interfacial charge transfer to the
oxidized mediator is expected to depend strongly on the distribution and occupancy of
intra-bandgap states in the semiconductor, and therefore upon the light intensity, the
applied potential bias, and the nature and concentration of adsorbates. Transport of
electrons within the semiconductor nanocrystalline network to the back contact also
depends upon the same phenomena. Dynamics of this process, of the transport of holes
in the pores and of the electron-hole recombination at the surface are closely entangled
and must then be treated globally [115].

11.4.3 Electron transport in nanocrystalline TiO2 films
Because the macroscopic electric field across the film is negligible at normal solar
light intensities due to dielectric screening by the electrolyte, transport of injected
electrons to the collecting back contact is believed to occur by diffusion. This process
competes with recombination. In DSCs, slow transport can thus lead to a low chargecollection efficiency and consequently to a low overall conversion efficiency.
Intensity-modulated photocurrent- (IMPS) and electrochemical impedance (EIS)
spectroscopies, as well as conductivity and transient photocurrent measurements have
been used to probe the transport properties of nanocrystalline TiO2 films. The time
constant obtained for the collection of injected electrons in mesoporous titania layers
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lies in the millisecond domain [116,117]. Taking into account the particular morphology of
the sintered film, its fractal dimension, and the percolation pathway electrons have to
follow, the average transit time τc of photo-injected electrons to reach the back contact
can be expressed by Eq. 11.32, where d is the film thickness and De the electron
diffusion coefficient [117].

τc =

d2
2.35 De

(11.35)

From electron Hall mobility measurements carried out in anatase single crystals
(µ = 18 cm2/ Vs)

[118]

,

a

carrier

diffusion

coefficient

at

room

temperature

De = µ kBT/ e = 0.4 cm2/ s is calculated. This value fed into Eq. 11.35 with d = 12 µm
would yield a time constant for electron collection of the order of τc = 1 µs, which is
several orders of magnitude shorter than the electron lifetime measured in mesoporous
systems. The slow collection has been attributed to trap-limited transport. In addition,
the electron transit time is observed to decrease with increasing light intensity, a
phenomenon attributed to the trap states having an exponential distribution of energies
[115,117,119]

.

Apparent electron diffusion coefficients De* and electron lifetime τc in
mesoporous films can be extracted from IMPS and EIS spectra by applying appropriate
equivalent circuits

[120,121]

. These parameters have been shown to predict well the

photovoltaic performance of the DSC. Indeed, a majority of photogenerated carriers
would be collected when the effective diffusion length Ln of electrons is larger than the
film thickness d : Ln = (De* / τc )1/2 > d. The values of these key parameters can also be
derived directly from time-resolved photocurrent measurements that do not require the
application of any preconceived model or assumption [119].
Figure 11.26 shows, as an example, results of a transient photocurrent/
photovoltage study of a complete DSC based on Z-907-sensitized TiO2 and containing
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two different electrolytes. Measurements were carried out by using weak laser pulses
(λ = 514 nm, F < 100 µJ/ cm2, pulse duration 5 ns), superimposed on a relatively
intense red light (λ > 680 nm, 120 mW/ cm2) bias illumination provided by a cw lamp.
Transient photovoltage signals were measured in open circuit conditions by connecting
both electrodes of the DSC directly to an oscilloscope, whose impedance was 1 MΩ.
Current transients were measured in short circuit conditions across a 20 Ω resistor load.
The characteristic time constant τ could generally be fitted to one major singleexponential decay process, while the apparent diffusion coefficient De* was estimated
from Eq. 11.35. Electrolyte 1 contained 0.5 M free I– (from PMII), 0.1 M I3– and 0.5 M
NMB in MPN. Electrolyte 2 contained 0.65 M I–, 0.05 M I3–, 0.5 M tBuPy and 0.1 M
Li+ in CH3CN.
The time constants fitted from the exponential decay of the photovoltage signals
(Fig. 11.26 A) were τ = 3.1 ms and 7.2 ms for electrolytes 1 and 2, respectively. In
open-circuit conditions, electrons are not collected at the back electrode. Values derived
for the electrons lifetime should then be comparable with the reciprocal first-order rate
constant τ = 1/ km of the indirect recombination reaction between conduction band
electrons and I3–. Indeed, excellent agreement is found between values of km obtained by
transient photovoltage measurements and optical experiments, in which the time course
of the transient absorbance of conduction band electrons in the near-IR spectral domain
is analyzed.
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Figure 11.26
Transient photovoltage (A) and photocurrent (B) of Z-907 dyesensitized mesoporous TiO2 solar cells with electrolytes 1 and 2. Lines superimposed on
experimental signals are exponential fits of the decay processes. Data and conditions
are that of ref. [120].
The initial peak observed on photovoltage signals is due to a large capacitive
charging effect that prevents measurements during the first 1-2 ms. The same problem
is observed in transient photocurrent signals (Fig. 11.26 B), where very good
exponential fits could however be obtained. In this case, average electron collection
time τc = 1.6 ms and 1.9 ms were derived, yielding for a 12 µm-thick film calculated
effective diffusion coefficients De* = 4 ⋅10–4 cm2/ s and 3 ⋅10–4 cm2/ s for electrolytes 1
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and 2, respectively. In short circuit conditions, the recombination reaction is coupled to
the collection of electrons at the back contact. Hence lifetimes are here shorter than
those given by transient photovoltage measurements.
Comparison of the values obtained for the electron lifetimes in open- and short
circuit states allows estimating the relative contribution of the recombination process. In
the case of electrolyte 2, collection of photoinjected carriers appears to take place about
4 times faster than recombination with the oxidized mediator. The recombination
reaction appears to be more rapid in electrolyte 1, which is characterized by a higher
concentration of I3–, and an acceleration of a factor of only 2 is observed. The adverse
competition of the recombination reaction in this case is also evidenced by the lower
value of the photocurrent observed for the MPN-based electrolyte (ΔJsc for electrolyte 2
is 12.3 mA/ cm2, whereas that of electrolyte 1 is only 7.9 mA/ cm2).
In this example the high intensity of the light bias could have resulted in an
electron concentration in the TiO2 film larger than what is normally experienced under
1 sun illumination and, therefore, in an overstated recombination with the oxidized
mediator. Competition of this undesired process with the ambipolar diffusion and
collection of electrons and holes at electrodes should not, however, be underestimated,
as it could constitute the main source of limitation of both the short-circuit current and
open-circuit voltage of a dye-sensitized solar cell, in which the charge injection and dye
regeneration processes have been optimized.
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