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ABSTRACT: The ideal driving force for dye regeneration
is an important parameter for the design of efficient dye-
sensitized solar cells. Here, nanosecond laser transient
absorption spectroscopy was used to measure the rates of
regeneration of six organic carbazole-based dyes by nine
ferrocene derivatives whose redox potentials vary by 0.85
V, resulting in 54 different driving-force conditions. It was
found that the reaction follows the behavior expected for
the Marcus normal region for driving forces below 29 kJ
mol−1 (ΔE = 0.30 V). Driving forces of 29−101 kJ mol−1

(ΔE = 0.30−1.05 V) resulted in similar reaction rates,
indicating that dye regeneration is diffusion controlled.
Quantitative dye regeneration (theoretical regeneration
yield 99.9%) can be achieved with a driving force of 20−25
kJ mol−1 (ΔE ≈ 0.20−0.25 V).

Dye-sensitized solar cells (DSCs) are under intense
investigation because of their potential to achieve efficient

conversion of sunlight into electricity at competitive costs.1 In
these photoelectrochemical devices, a wide-band-gap semi-
conductor (typically TiO2) is sensitized by a dye, which under
illumination injects an electron into the TiO2 conduction band.
The electron diffuses through the mesoporous semiconductor
network to the anode and then passes through an external
circuit to the cathode, where it reduces the electroactive
electrolyte, which in turn regenerates the dye. Dye regeneration
is a crucial step in this cycle, which must occur rapidly to avoid
charge recombination between the photooxidized dye and the
injected electron and minimize dye degradation. In a previous
study, we showed that an insufficient driving force for dye
regeneration results in a low open-circuit voltage (Voc) and
poor short-circuit current density (Jsc) due to fast recombina-
tion of the injected electrons and the photooxidized dye
molecules.2 Excessive regeneration driving force leads to lower
Voc, limiting the energy conversion efficiency. Hence,
elucidation of the optimum driving force for dye regeneration
is important for the design of DSCs with maximum efficiency.

In this work, we examined the dye regeneration kinetics for
combinations of organic carbazole dyes and a family of
ferrocene (Fc) derivatives3 (Figure 1). The relationship we
obtained will aid the design of more efficient DSCs and
contribute to efforts devoted to the modeling of DSCs.
Furthermore, the results are likely to impact studies of other
photoelectrochemical devices where charge separation after
photooxidation of a chromophore is followed by regeneration.
In traditional DSC designs, the electrolyte contains I3

−/I−, a
two-electron redox couple that is used to regenerate the dye
and facilitate charge transport between the electrodes. Although
efficiencies of >11% have been achieved, the use of I3

−/I− has
some significant drawbacks that have stimulated interest in new
redox mediators.5 Recent attempts to replace I3

−/I− have led to
some remarkable achievements.6 In fact, the highest DSC
efficiency of 12.3% was achieved using a [Co(bpy)3]

2+/3+ based
electrolyte in conjunction with a ZnII porphyrin/organic dye
combination.7 A key to the improved efficiency was the closer
matching of the redox potentials of the electrolyte and dye,
minimizing excessive driving force.
Since the Voc of the DSC is limited by the difference between

the quasi Fermi level of electrons in TiO2 and the redox
potential of the electrolyte, higher cell voltages can in principle
be achieved by using a redox shuttle with a higher redox
potential. However, a minimum driving force for dye
regeneration must be provided to prevent recombination
between the photooxidized dye and the injected electron
(Figure 1) and to maintain high Jsc.
The driving force for dye regeneration, −ΔG, is commonly

estimated from data obtained by cyclic voltammetry (CV)
according to eq 1,

ν ν−Δ = Δ = −+ +G e E e E D D E[ ( / ) (Fc /Fc )]1/2 1/2
deriv deriv

(1)

where E1/2(D
+/D) and E1/2(Fc

deriv+/Fcderiv) are the redox
potentials of the dye and the Fc derivative, respectively, ΔE is
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the potential difference between the dye and the Fc derivative,
ν is the number of electrons transferred, and e is the elemental
charge of the electron.8

To date, the effect of the driving force on the dye
regeneration kinetics remains largely unknown. Previous studies
have shown that the driving forces needed to achieve
quantitative dye regeneration are higher for two-electron
redox couples than for one-electron redox couples because
their reaction mechanisms are more complex.5b,9 By varying the
redox potential of the sensitizer, Clifford et al.10 showed that a
dye with a regeneration driving force of 44 kJ mol−1 (ΔE = 0.46
V) was not regenerated by iodide, whereas regeneration was
efficient for a dye with a driving force of 68 kJ mol−1 (ΔE =
0.70 V). A similar conclusion was reached in a comparison of
I3
−/I− with pseudohalogens or thiolate/dithiol-based redox

couples.11 In general, one-electron redox couples appear to
regenerate the dye efficiently when the driving force is larger
than 35−38 kJ mol−1 (ΔE = 0.36−0.39 V).2,12 However,
previous studies applying both one- and two-electron redox
couples have varied either the dye or the redox couple but not
both. As a result, no more than six different driving force
conditions were covered in each study. Hence, it was difficult to
elucidate fully the relationship between the dye regeneration
rate constant, kreg, and the driving force.
In this paper, we report kreg values for the electron transfer

between six ethylcarbazole-based donor−π-bridge−acceptor

dyes and nine Fc derivatives (Figure 1). The energy levels of
the dyes [adsorbed on nanoporous indium tin oxide (ITO)
films] and the Fc derivatives were characterized by CV [Tables
S1 and S2 in the Supporting Information (SI)]. The Fc
derivatives3 were ideal for this study since a redox potential
range of 0.85 V (0.09 to 0.94 V vs NHE) was covered by
substitution on one or both cyclopentadienyl rings. Similarly,
the sensitizers covered a potential range of 0.26 V (0.88 to 1.14
V vs NHE). Here, the length of the conjugated oligothiophene
unit significantly affected the redox potential, whereas changes
in either the side chains (length, inclusion of ether groups) or
the acceptor induced only small changes in the potential.
Dye regeneration rates were measured by means of

nanosecond transient absorption spectroscopy (TAS)13 using
two different laser spectrometers to verify the results (see the SI
for experimental details). In this experiment, a dye-sensitized
TiO2 film is excited by a nanosecond pulsed laser while in
contact with an electrolyte solution. Photon absorption by the
dye molecules results in electron injection into the TiO2 film. A
change in the electronic spectrum is observed that reflects the
formation of the dye cation, consumption of ground-state dye
(bleaching), a Stark shift of the dye absorption, and light
absorption due to electrons in the TiO2 conduction band.14

Rate measurements were carried out by following the change in
optical density (ΔOD) with time (t) at 900 nm, where the
absorption of the dye cation is predominant.15

If the dye-sensitized film is in contact with an inert
electrolyte devoid of the Fc derivative, the dye cation eventually
recombines with the injected electrons. The recombination rate
constant, krec2, can be determined from the absorbance−time
profile. In the presence of the Fc derivative (reduced redox
mediator), the dye cation can return to its ground state either
by recombination or by reaction with the ferrocene
(regeneration). The ΔOD versus t curve is typically modeled
using a stretched exponential decay (eq 2),13a where ΔODt=0 is
the initial signal magnitude, τww is the characteristic stretched
lifetime, and β is the stretch parameter. The observed lifetime,
τobs, and observed rate constant, kobs, are calculated using eqs 3
and 4, where the Γ function in eq 3 is defined in eq 5. The
value of kreg is then calculated using eq 6 where [Fcderiv] is the
Fc derivative concentration (5 mM in this work). (See ref 13a
for more insight into eqs 2−6.)
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Figure 2 shows ΔOD versus t for MK1-sensitized TiO2 films
(data for the other dyes and the fitted parameter values can be
found in Figures S1−S6 and Tables S3−S8 in the SI). The
ΔOD versus t profiles clearly show that the rate of the dye
regeneration reaction depends on the Fc derivative and,
consequently, the driving force provided for the reaction.

Figure 1. (a) Potential diagram of the DSC. (b) Structures of the dyes
and ferrocene. (c) Redox potentials of the dyes. (d) Redox potentials
of the ferrocene derivatives.3 Redox potentials were measured by CV
on 3 mM solutions (see the SI). The E1/2(D

+/D) potentials in (c)
were measured after the dye was adsorbed on nanoporous ITO
working electrodes. Potentials are reported in V vs NHE after
conversion with E1/2(Fc) = 0.62 V vs NHE.4 The scan rate was 20 mV
s−1.
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The dependence of kobs on the driving force −ΔG is plotted
in Figure 3a. For driving forces above 19 kJ mol−1 (ΔE = 0.20
V), kreg could be calculated from the data. For smaller driving
forces, kobs was constant, preventing the determination of kreg
since kobs ≈ krec2. kreg would be smaller than 104 M−1 s−1, the

detection limit at the chosen concentration of the ferrocene
derivatives.
The rate constants measured for various concentrations of

the ferrocene derivative should yield the same rate constant in
order for the data measured at lower concentrations to be
related to the actual devices containing high concentrations of
the redox couple. Measurements of the regeneration rate
between ferrocene and MK2 for ferrocene concentrations of
2.5−100 mM resulted in consistent kreg values of (0.4−2) × 105

M−1 s−1; similar variations are evident in the data presented in
Figure 3b. As a consequence, increasing the ferrocene derivative
concentration allows kreg to be determined for reactions
involving small driving forces for dye regeneration.
Figure 3b shows the dependence of kreg on −ΔG. kreg

increased sharply with driving force up to 29 kJ mol−1 (ΔE =
0.35 V), showing behavior typical for the Marcus normal
region.16 A driving force of 20−25 kJ mol−1 (ΔE ≈ 0.20−0.25
V) was calculated from eq 7 to be sufficient to give a
quantitative theoretical dye regeneration yield of Φ = 99.9% for
a typical concentration of the ferrocene derivative used in DSC
electrolytes (0.1 M).6a,12 In practice, the achieved yields may
differ because the structure of the film and dye aggregation
could render a certain fraction of the dye molecules
inaccessible, causing them to be regenerated more slowly or
not at all. This effect is expected to be independent of the
driving force. Furthermore, the measurements were conducted
at open circuit rather than at the maximum-power point, where
the electron density in the TiO2 is reduced since the current is
allowed to flow through an external load. Lower electron
densities in the TiO2 should slow the recombination and may
lead to slightly increased regeneration yields. On the other
hand, consumption of the reduced mediator close to the TiO2
surface could result in a concentration gradient, reducing the
regeneration yield, when current flow through an external
circuit is allowed. The latter, however, is unlikely to be
significant due to the usual vast excess of reduced mediator.

Φ = −
+

×
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟

k
k k

1
[Fc ]

100%rec2

reg
deriv

rec2 (7)

For driving forces of 29−101 kJ mol−1 (ΔE = 0.30−1.05 V),
the dye regeneration rate was relatively constant. This
surprising result indicates that dye regeneration is so rapid
that the reaction rate is limited by the diffusion of the reactants
toward each other.8a To estimate kD, the diffusion-limited value
of kreg, the Smoluchowski model for diffusion-controlled
reactions was modified to describe the reaction of the dye
cation with the ferrocene derivative. In the Smoluchowski
model, two spheres with radii r1 and r2 diffuse in solution with
diffusion coefficients D1 and D2, and rapid electron transfer
occurs on contact with a rate constant kD given by eq 8.17

π= + +k D D r r4 ( )( )D 1 2 1 2 (8)

Here the dye cation cannot diffuse, as it is fixed to the titania
surface. Furthermore, not all sides of the dye cation are
accessible for reduction by the ferrocene derivative. Modifying
eq 8 to account for this gives eq 9, which describes the reaction
of a mobile sphere with an immobilized hemisphere fixed on a
plane.17 The radius of ferrocene is rFc = 4 Å.18 Density
functional theory calculations by Mori and co-workers on the
dye MK3, a close structural analogue of MK1, suggested that
the dyes can be described as an ellipse with rx,y = 4.5 Å and rz =
10 Å.19 If dense packing of the dye on the TiO2 surface is

Figure 2. Changes in OD measured by TAS (setup A) for MK1-
sensitized TiO2 films in the absence of a ferrocene derivative (black)
and in the presence of Br2Fc (red), BrFc (blue), (Me2Si)2Fc (cyan), Fc
(pink), EtFc (yellow), Me2Fc (purple), Et2Fc (wine), iPr2Fc (orange),
and Me10Fc (gray), each 5 mM in benzonitrile containing 0.1 M
Bu4NPF6. Laser excitation wavelength, 532 nm; pulse energy, 3 μJ
cm−2; repetition rate, 10 Hz; probe beam wavelength, 900 nm. Data
were averaged from 1536 laser shots.

Figure 3. Dependence of (a) kobs and (b) kreg on −ΔG for MK1 (red),
MK2 (black), MK24 (green), MK51 (blue), MK75 (pink), and MK78
(gray). Circles and squares represent data measured with TAS setups
A and B, respectively. Error bars indicate uncertainties of the fit. The
diffusion-limited rate constant in (b) was calculated using eq 9 for the
reaction between MK1 and Fc.
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assumed, the ethylcarbazole-based dye molecule can be
approximated as a hemisphere with a radius of rdye = 4.5 Å.
These parameter values and the value of DFc from Table S1 give
kD = 4.3 × 108 M−1 s−1 for ferrocene.

π= +k D r r2 ( )D Fc Fc dye (9)

Considering the approximations used in the calculation of
this rate constant, it is in reasonable agreement with the average
of the kreg values measured in the diffusion-limited region (4.2
× 107 M−1 s−1). The lower-than-predicted experimental value
may be a result of the simplified shape of the dye, the restricted
accessibility of some dye molecules due to aggregation and pore
structure, and slower diffusion of the ferrocene derivatives
inside the dye-sensitized mesoporous TiO2 film. Nelson et al.20

measured diffusion rates of a cobalt redox couple that were up
to 9 times slower inside a dyed film than inside the bulk layer.
Nevertheless, the calculated diffusion limit provides a useful
estimate of the maximum attainable regeneration rate. Another
feature of the data in Figure 3 is that the driving force
determines the regeneration rate, while the structure of the dye
(length of the side chains, ether groups) and the steric bulk of
the redox couple appear to have only minor effects on the
reaction kinetics.
In conclusion, the dependence of the dye regeneration rate

constant on the driving force has been determined for a
combination of six dyes and nine ferrocene derivatives. The
variation in kreg is in agreement with the Marcus normal region
for driving forces of 0−35 kJ mol−1. A driving force of 20−25 kJ
mol−1 (ΔE ≈ 0.20−0.25 V) was calculated to be sufficient to
achieve 99.9% theoretical dye regeneration under typical DSC
operating conditions. When the driving force is increased
further, the regeneration reaction becomes diffusion-controlled.
The Smoluchowski model was used to estimate an upper limit
for the diffusion-controlled value of kreg that is in reasonable
agreement with the experimental values. Structural changes in
the mediator or the dye had minor effects on the regeneration
rate. Future endeavors to optimize the efficiency of DSCs
should aim at matching a dye with the appropriate redox couple
to yield a driving force of 20−25 kJ mol−1. In addition to
providing guidelines on matching sensitizers with redox
mediators in DSCs, the results presented here may also have
implications for other photoelectrochemical devices where
charge transfer processes are important.
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