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Introduction

The requirement to develop inexpensive renewable energy
sources has stimulated new approaches for the preparation
of efficient, low-cost photovoltaic cells. Dye-sensitized solar
cells (DSSC) constitute one of the main targets in this direc-
tion, since O#Regan and Gr&tzel[1] have demonstrated that a
combination of a nanocrystalline wide-bandgap semiconduc-
tor, an adsorbed dye with an absorption band in the visible
region, and an appropriate electrolyte system could lead to
remarkable conversion efficiencies while avoiding photocor-

rosion of the semiconductor material. The function of DSSC
is based upon electron injection from a photoexcited state
of the dye into the conduction band of a wide-bandgap sem-
iconductor. The resulting dye cation is then re-reduced by
redox species in the electrolyte.[2] To achieve a high photo-
current quantum yield, this re-reduction of the dye cation
must be much faster than the charge recombination reaction
between the oxidized dye and injected electrons in the semi-
conductor or oxidized electrolyte components. Furthermore,
a fast re-reduction is also necessary to avoid photodecompo-
sition of the dye.
While initial work was mainly performed on nanocrystal-

line titania in the anatase form and ruthenium coordination
complexes as sensitizers, the present experiments also in-
clude a range of other semiconducting metal oxides.[3] To
improve the power conversion efficiency further, many au-
thors have focused on design of more efficient sensitizers[4,5]

and control of the morphology of the nanostructured semi-
conductor film.[6,7] There is particular appeal in semiconduc-
tor systems that can be processed to functional films with
very few processing steps or on a variety of substrates, pref-
erably low-cost, light, mechanically flexible polymers. The
samples described in this paper follow such an approach:
zinc oxide is deposited electrochemically on a transparent
electrode from an aqueous electrolyte in the presence of the
dye Eosin Y, which is not only an efficient sensitizer; it also
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acts as a structure-directing agent (SDA) to shape the mor-
phology of the nanocrystalline ZnO deposited.[8] Highly
porous yet crystalline sensitized ZnO is obtained in one step
and at temperatures below 70 8C. Recently, it was discovered
that the dye loading could be increased substantially when
ZnO was deposited in the presence of the SDA Eosin Y.
The efficiency of the electrodes could be increased further if
Eosin Y was then extracted with dilute KOH solution, and
Eosin Y or another dye as a sensitizer was finally re-adsor-
bed from solution onto the nanoporous ZnO.[9]

Despite the substantial accumulation of knowledge about
structure–function relationships concerning dyes, semicon-
ductors, and their interactions, relatively little is known
about the factors that control the regeneration of the dye
molecules after electron injection from the photoexcited dye
into the semiconductor conduction band by electron transfer
(ET) from dissolved electron donors.[10] This interfacial ki-
netic process is clearly crucial to the operation of a photo-
electrochemical cell, because it is a necessary elementary
step when a photocurrent is produced. Fast kinetics of this
regeneration step can suppress competing decomposition re-
actions and the back-transfer of electrons from the semicon-
ductor, a major recombination route and hence a loss mech-
anism in DSSC. The lack of detailed data for this interfacial
regeneration process is partly due to the experimental diffi-
culties encountered in such measurements by conventional
electrochemical techniques.
Scanning electrochemical microscopy (SECM) has been

demonstrated to be an effective technique for determining
ET kinetics at various interfaces, including polymer/liquid[11]

and liquid/liquid ones,[12–15] and redox enzymes[16,17] on solid
supports. Even immobilized non-redox enzymes[18] can be in-
vestigated. Electron transfer reactions at semiconductor/
electrolyte interfaces have been studied from various per-
spectives. Precursor sites on passivated valve metals (TiO2,
Ta2O5, Al2O3) were identified as locations at which ET reac-
tions occur to form dissolved species in the dark before the
onset of pitting corrosion.[19–23] The kinetics of hole injection
into GaAs by a probe-generated oxidizer in the dark was
studied and applied to local semiconductor etching.[24]

SECM feedback investigations at WSe2 and Si immersed in
an electrolyte showed a correlation between the heterogene-
ous redox kinetics at the sample and the concentration of
the majority carriers in it.[25] Photoelectrochemical reactions
at semiconductor surfaces have been studied at TiO2 photo-
catalysts.[26] The behavior of a TiO2 (microcrystalline ana-
tase) was compared with the characteristics of bare indium
tin oxide (ITO). When probed with the [Fe(CN)6]

4�/3� redox
couple, the surface behaved like an insulator in the dark and
like a conducting surface under UV illumination. Unwin
et al.[27, 28] studied the kinetics of photoelectrochemical de-
composition of 4-chlorophenol at a TiO2 particle film under
UV illumination using a transient SECM working mode.
Haram and Bard[29] determined apparent pseudo-first-order
rate constants from steady-state SECM feedback approach
curves for the reduction of methyl viologen (MV2+) to the
methyl viologen radical cation (MV+) at CdS thin films ob-

tained from wet chemical deposition, as well as their de-
pendence on light intensity and on the concentration of
redox species in the electrolyte. In their study the holes in
CdS particles were scavenged by dissolved triethanolamine.
In this work we have studied the charge transfer kinetics

between I� and photo-oxidized dye molecules (Eosin Y+)
adsorbed on a wide-bandgap semiconductor (ZnO) during
illumination with visible light. We used a complex dye-sensi-
tized electrode such as is currently under investigation for
DSSCs. To make the measurements, it was necessary to
select a model electrolyte that deviated from the composi-
tion of a typical I�/I3

� electrolyte system in DSSC applica-
tions. A pseudo-first-order rate constant for the reaction of
I� with the sensitized nanoporous film was obtained from
steady-state feedback measurements by a procedure in-
spired by reference [30] in which the electron transfer kinet-
ics was studied at ferrocene-terminated self-assembled mon-
olayers.

Results and Discussion

SECM feedback mode investigation of Eosin Y-sensitized
ZnO film : The main difficulty in the SECM feedback inves-
tigation was the selection and optimization of the mediator
solution. It should contain only one redox form of the medi-
ator couple and should not undergo homogeneous photo-
chemical reactions. In theory, many possible ways of match-
ing dyes and semiconductors with an electrolyte system
exist. One of the most commonly used electrolyte systems is
I�/I3

�. Iodide (I�) shows favorable energetics and kinetics
for the regeneration of the sensitizer molecules, whereas
triiodide (I3

�) displays unusually slow kinetics for the reduc-
tion by electrons from the conduction band of the semicon-
ductor interface, but fast kinetics for the reduction at the
platinum counter-electrode of a DSSC.
To generate a flux of I� at the ultramicroelectrode

(UME), we used a solution formed by mixing equimolar
amounts of I2 and KI solutions in acetonitrile with tetrabutyl-
ammonium trifluoromethanesulfonate (TBAS) as an inert
supporting electrolyte. Since the equilibrium constant for
the reaction I� + I2!I3� is 107 Lmol�1[31] in acetonitrile, the
concentration of I� and I2 is only 1% of the concentration
of I3

� for a solution that contains a total of 1 molcm�3 KI3

Figure 1. Cyclic voltammogram of 1.1mm I3
� + 0.1m TBAS in acetoni-

trile solution at a Pt UME, scan rate 0.05 Vs�1.
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(1mm). Figure 1 shows the cyclic voltammogram of such a
solution at a Pt microdisk electrode in the bulk phase of the
solution. It shows a well-defined reduction wave for reaction
(1) and an oxidation wave for the reaction I3

�!1.5 I2 + e�.

I3
� þ 2 e� ! 3 I� ð1Þ

If an equimolar mixture of KI and I2 is indeed obtained,
there is a region around 0 V (versus the Pt pseudo-reference
electrode) where no current flows. SECM experiments were
carried out at a UME potential ET = �0.7 V where a diffu-
sion-controlled reduction of I3

� took place and I� was pro-
duced. The approach curves to glass and their excellent
agreement with the theory for hindered diffusion indicate
that this reaction system can be treated with reasonable ac-
curacy by using the theory developed for a simple redox
couple (see below). In the following treatment we assume,
as a simplification, that the bulk phase of the solution con-
tains only I3

� but no I2 or I
�.

Figure 2 illustrates the principle of the SECM feedback
mode in a DSSC system under short-circuit conditions: in
feedback mode, I� is generated by an electrochemical reac-

tion at the UME and diffuses to the dye-sensitized elec-
trode. When the substrate (ZnO/Eosin Y film) is illuminated
from the back, I� can transmit an electron to Eosin Y+ (Y+)
molecules. In this process the mediator is oxidized back to
its original oxidation state, I3

� [Eq. (2)].

1:5 I� þ Yþ ! 0:5 I3
� þ Y ð2Þ

After diffusion to the UME, I3
� can be reduced again.

The experiment gives current variations at the UME as a
function of UME–sample distance d and rate of I3

� regener-
ation at the sample. From the mathematical description of
the mass transport and interfacial kinetics at the sample, a
pseudo-first-order rate constant keff for the reaction at the
sample can be extracted.[12]

To verify the suitability of the mediator solution and the
absence of any significant photoelectrochemical effects at

the Pt UME probe, approach curves were recorded above
glass substrates without a ZnO/Eosin Y film in the dark and
under illumination (Figure 3). The curves are presented in
normalized coordinates IT(L) versus L, where the normal-
ized current at the UME IT = iT/iT,1 with iT = the current

at the UME and iT,1 = the current in the bulk solution. The
normalized distance L is the distance d in units of the UME
radius rT. The curves agree within experimental error with
the theoretical approach curve to an insulating and inert
sample expected for a UME of this geometry. This curve,
denoted by IT,ins(L), represents the effect of hindered diffu-
sion only, because no reaction occurs at the glass surface.
The perfect agreement of the experimental curves with the
theory of hindered diffusion supports the general applicabil-
ity of this mediator system. Corresponding experiments
were subsequently carried out at the ZnO/Eosin Y films. In
the dark the response IT,ins(L) is equal to that of glass
(Figure 4, curve 1) for any mediator concentration, confirm-
ing the absence of any electrochemical reaction of I� with
the modified film in the dark. When the film was back-illu-
minated, the current was significantly larger than in the
dark (Figure 4, curves 2–7). The exact curve IT(L) can be de-
scribed by Equation (3) for a first-order reaction at the
sample and infinitely fast reaction at the UME[12]

Figure 2. Basic arrangement for probing the heterogeneous reaction at
the dye-sensitized semiconductor surface (gray) in the feedback mode
under short-circuit conditions. The mediator is triiodide. The broad,
hollow arrow indicates the back illumination.

Figure 3. Normalized SECM feedback approach curves in 1.97mm I3
� for

the approach of a Pt disk electrode, rT = 15.0 mm, toward glass: a) in the
dark; b) under illumination by a blue LED. Open symbols are experi-
mental points; the solid line is based on theoretical results, calculated ac-
cording to reference [33] for an insulator and with RG = 10.2. Scan rate
= 1 mms�1, ET = �0.7 V. The glass sheath of the UME touched the
sample at L = 0.2. Points at L<0.2 deviate from the theory.
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ITðLÞ ¼ IT,insðLÞ þ
�
1� IT,insðLÞ

IT,condðLÞ

�
ISðLÞ ð3Þ

This equation considers the contribution IT,ins(L) of hin-
dered diffusion of I3

� from the bulk solution to the UME
and a substrate current IS(L) that originates from the con-
version of the mediator at the sample. IT,cond(L) is the cur-
rent that results if the reaction at the sample is diffusion-
controlled. The degree to which this reaction can influence
IT(L) depends on the normalized distance L and can be cal-
culated as 1�IT,ins/IT,cond. Analytical approximations for the
individual contributions to Equation (3) for 0.1<L<1.5
which were used to form an analytical function to which the
individual experimental curves can be fitted are taken from
reference [33] [Eqs. (4) and (5)] and reference [12] [Eq. (6)].

IT,insðLÞ ¼ 1

0:292 þ 1:5151
L þ 0:6553 exp

�
�2:4035

L

�
ð4Þ

IT,condðLÞ ¼ 0:68 þ 0:78377
L

þ 0:3315 exp
�
�1:0672

L

�

ð5Þ

ISðLÞ ¼ 0:78377

1 þ 1
kL

þ
0:68 þ 0:3315 exp

�
�1:0672

L

�

1 þ
11
kL þ 7:3
110�40L

, 0:1 < L < 1:5

ð6Þ

k = keffrT/D is a normalized, dimensionless, first-order
rate constant which can be obtained by fitting each curve to
the analytical approximations. Using the diffusion coeffi-
cient of I3

� in acetonitrile, D = 1.37=10�5 cm2 s�1,[31] and the
rT of the particular UME, the apparent heterogeneous first-
order rate constant keff [cms

�1] for the reduction of the
photo-oxidized dye by I� can be determined. In Figure 4,
curves 2–7 give the experimental variations (open symbols)
and the theoretical best fits as thin lines. Deviations at small

distances result from a mechanical contact between the insu-
lating sheath of the UME and the sample, after which the
distance between the active electrode area and the sample
does not decrease further as a result of free translation of
the UME in solution (see Experimental Section for more
details). The data resulting from the fit are summarized in
Table 1. Under the conditions used here, the apparent first-

order rate constant keff decreases with increasing bulk con-
centration of I3

�, even at sub-millimolar concentrations.

Relationship of the effective rate constants and microscopic
processes in DSSC : To relate keff to the rate of the micro-
scopic processes in the ZnO/Eosin Y film we consider three
major processes in which charges are transported between
the UME and the back contact of the ZnO/Eosin Y elec-
trode (Figure 5). By deriving expressions for the limiting
current of each individual step, an expression for the nor-
malized substrate current IS(L) can be found and compared
with that of a simple first-order reaction at the sample.
The first step is the reaction at the UME [Eq. (1)]. The

limiting current [Eq. (7)] will be measured if the reactions at
the UME and at the sample are both diffusion-controlled.

iT,lim ¼ iT,1IT,condðLÞ ¼ 8FD½I3�
*rTIT,condðLÞ ð7Þ

The second step is the heterogeneous reaction of I� with
the oxidized dye molecule. To derive kinetic expressions for
this situation we need to make some greatly simplifying as-
sumptions about the structure of the ZnO/Eosin Y film. Pre-
vious analysis of the film has shown that it is porous and has
a total dye loading GD8 = 6=10�8 molcm�2 (referred to the
geometric area).[9] The film is about 3 mm thick.[9] The dye is
homogeneously distributed within the film on a length scale
of 500 nm. At present the ratio of the dye molecules that is
accessible to I� under light illumination is unclear. In the
model used here, it is assumed that all dye molecules are
equally accessible. Furthermore, all Eosin Y molecules have
the same excitation cross-section fhn (that is, the same prob-
ability of absorbing a photon entering the film from the

Figure 4. Normalized SECM feedback approach curves for the approach
of a Pt disk electrode, rT = 13.65 mm (curves 2, 3, 4, 6), and rT =

12.49 mm (curves 5, 7), toward a ZnO/Eosin Y film under illumination by
a blue LED. Concentration of I3

� in mm : 2) 0.033, 3) 0.052, 4) 0.080, 5)
0.495, 6) 0.99, 7) 1.98; scan rate = 1 mms�1; ET = �0.7 V; solid lines are
calculated curves for the approach of a UME with RG = 10 toward an
inert insulating surface[33] (curve 1), and toward samples with first-order
kinetics of mediator recycling[12] using normalized rate constants k : 2)
0.35, 3) 0.27, 4) 0.18, 5) 0.07, 6) 0.04, 7) 0.019.

Table 1. Normalized apparent heterogeneous first-order rate constants k
and apparent heterogeneous first-order rate constants keff = kD/rT ob-
tained for the reduction of photoexcited Eosin Y+ by I� ; D = 1.37=
10�5 cm2 s�1.[31]

ACHTUNGTRENNUNG[I3
�]* [molcm�3][a] k[b] rT [mm]

[c] keff [10
�3 cms�1]

1.98 0.019 13.65 0.1907
0.99 0.040 13.65 0.4015
0.495 0.070 13.65 0.7026
0.105 0.16 13.65 1.605
0.088 0.18 12.49 1.973
0.052 0.27 13.65 2.710
0.033 0.35 12.49 3.836

[a] Total concentration of I3
�, I2, and I

�, given as the equivalent I3
� con-

centration in the bulk phase. [b] Dimensionless normalized pseudo-first-
order rate constant obtained by fitting experimental approach curves to
Equations (3)–(6). [c] Obtained by fitting approach curves to a glass sur-
face.

Chem. Eur. J. 2006, 12, 5832 – 5839 L 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5835

FULL PAPERRedox Kinetics in Dye-Sensitized Solar Cells

www.chemeurj.org


back). The neutral dye is denoted by D, photoexcited dye
molecules are D*, and photo-oxidized dyes are D+ . Equa-
tion (8) gives the kinetically limited current for the process
in Equation (2) (n = 1, number of transferred electrons; F,
Faraday constant; A, geometric area of the sample where I�

is converted, kox [cm
9/2mol�3/2 s�1] , heterogeneous rate con-

stant of order 1.5; GD+, steady-state surface concentration of
photo-oxidized dye molecules; [I�]S, concentration of dis-
solved I� at the surface of the ZnO film).

iK ¼ nFAkoxGDþ ½I�
S3=2�irec ð8Þ

The recombination current irec summarizes the current
originating from the reaction of electrons from the conduct-
ing glass, from the conduction band of ZnO, and from sur-
face states with I3

�. For the following analysis this contribu-
tion was not considered any further. This greatly simplifying
assumption is, however, supported by the following facts: in
our setup the Eosin Y-modified ZnO electrode is operated
under short-circuit conditions (Figure 2). At the excitation
wavelength of 473 nm (see Supporting information), such
electrodes have an incident photon–current conversion effi-
ciency (IPCE) of about 80% (see Figure 1 of reference [9]).
This means that in short-circuit conditions there is almost
no loss by recombination processes. Furthermore, the differ-
ence between the IPCE value and 100% also includes con-
tributions from reflection and scattering of light. Close to
short-circuit conditions, photocurrent transients do not ex-
hibit an overshoot indicative of recombination. This situa-
tion changes if the DSSC is operated under open-circuit

conditions. This conclusion is also supported by a recent
analysis by Peter et al.,[34] who investigated the contribution
of the different recombination pathways at DSSCs made
from TiO2 with and without an additional blocking layer.
The blocking layer covers the empty areas on the conduct-
ing glass that are left when a TiO2 particle suspension is ap-
plied to the conducting glass. Recombination at the conduct-
ing glass was found to be the main recombination pathway
under low light intensities such as in our experiments. How-
ever, due to the electrochemical nature of the deposition
procedure for Eosin Y-modified ZnO, such electrodes have
a much smaller fraction of exposed, bare, conducting glass,
since the deposition procedure proceeds preferentially on
the uncovered regions. Therefore the usual main recombina-
tion pathway is not available in our samples.
An expression for GD+ can be derived from the mass con-

servation of the dye and the steady-state approximations for
surface concentrations of the photoexcited dye GD* [Eqs. (9)
and (10)] and the photo-oxidized dye GD+ [Eqs. (11) and
(12)]. Here kinj [s

�1] is the first-order rate constant for injec-
tion of electrons from the excited dye into the conduction
band; Jhn [molcm

�2 s�1] is the photon flux; GD is the surface
concentration of the dye in the ground state.

@GDþ

dt
¼ 0 ¼ �koxGDþ ½I�
S3=2 þ kinjGD*

ð9Þ

GDþ

GD*
¼

kinj
kox½I�
S3=2

ð10Þ

@GD*
dt

¼ 0 ¼ �hnJhnGD�kinjGD*
ð11Þ

GD
GD*

¼
kinj

�hnJhn
ð12Þ

Appropriate substitutions of Eqs. (10) and (12) into the
mass conservation law [Eq. (13)] yield an expression for GD*,
from which Eq. (14) for GD+ is obtained by applying Equa-
tion (8).

GD� ¼ GD þ GDþ þ GD*

¼ GD
GD*

GD*þ þ GDþ

GD*
GD* þ GD*

¼ GD*

�
kinj

kox½I�
S3=2
þ

kinj
�hnJhn

þ 1
�

ð13Þ

GDþ ¼
kinj

kox½I�
S3=2
GD* ¼ GD�

1

1 þ kox ½I�
S3=2
�hnJhn

þ kox ½I�
S3=2
kinj

ð14Þ

Substituting Equation (14) into Equation (8), and consid-
ering that the limiting substrate current iK,lim is obtained if
[I�]S equals three times the bulk concentration of triiodide
[I3

�]*, leads to Equation (15).

Figure 5. Simplified model of the charge transport between the UME and
the ZnO/Eosin Y electrode. The model is not to scale. a) Model of the
structure of the nanoparticulate ZnO/Eosin Y film. b) Simplified model
in which all dye molecules are uniformly accessible. c) Conceptual se-
quence of charge transfer processes in the film: i) photoexcitation, ii)
electron injection from the dye in the CB of ZnO, iii) electron transport
across the ZnO film to the back contact, iv) dye regeneration by reaction
with I�.
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iK,lim ¼ FAGD�
1

1
koxð3½I�
*Þ3=2 þ 1

�hnJhn
þ 1

kinj

ð15Þ

Provided that the current distribution is uniform in the
sample region directly below the microdisk electrode of the
probe, the reciprocal of the normalized substrate current is
obtained as the sum of the reciprocal limiting currents of all
the consecutive processes: diffusion in the UME–sample
gap, passage of kinetically controlled substrate current, and
electron conduction to the back contact.[12, 35] The limiting ki-
netic substrate current is again a sequence of heterogeneous
electron transfer between I� and D+ , light absorption by D,
and electron injection into the conduction band. By approxi-
mating the area of the sample that participates in the elec-
tron transfer to prT

2, Equation (16) is obtained.

1
IS

¼ iT,1
iS

¼ 1
IT,cond

þ 4� 2FDrT½I3�
*
iK

þ 1
Iel,lim

¼ 1
IT,cond

þ 4
p

2D½I3�
*
rTGD�koxð3½I3�
*Þ3=2

þ 4
p

2D½I3�
*
rTGD��hnJhn

þ 4
p

2D½I3�
*
rTGD�kinj

þ 1
Iel,lim

ð16Þ

Iel,lim is the limiting electronic current through the sub-
strate at a given working distance L from the UME. Exten-
sive literature has been devoted to the characterization of
this parameter. Recent reports describe the process as diffu-
sion of electrons in the semiconductor rather than voltage-
driven electron transport. Diffusion coefficients are compa-
rable with those of solvated ions in the solution. The analy-
sis is complicated by a dependence of the conductivity on
the charge carrier density and the electronic structure of the
particular ZnO/dye preparation. As the film thickness (l

3 mm) is less than the SECM working distance, the electron-
ic conductivity of the film should not become rate-limiting
under our experimental conditions if the mobility of the
charge carriers is comparable with that of the mediator in
solution. We also work with very low electrolyte concentra-
tions compared with conventional DSSC. It should be kept
in mind, however, that the present series of experiments
were designed purposefully to fulfil the conditions necessary
to analyze the interfacial kinetics of dye regeneration.
Under DSSC operating conditions this is typically not ach-
ieved and conduction in the semiconductor matrix plays a
decisive role. Ignoring further a possible back-reaction of
conduction band electrons with I3

� or intermediate I2 spe-
cies, we may assume as a first, very coarse, approximation
that 1/Iel,lim approaches zero in our experiments.
In this case a comparison of Equation (17) (that is, Equa-

tion (9) of reference [12]) with Equation (16) and the substi-
tution of k = keffrT/D leads to an approximate expression
for the apparent first-order rate constants keff (see Equa-
tion (18) and Table 1); keff replaces the true first-order rate
constant for an uncomplicated electron transfer kET in Equa-
tion (17).

1
IS

¼ 1
IT,cond

þ 1
IET

¼ 1
IT,cond

þ 4
p

D
rTkET

¼ 1
IT,cond

þ 4
p

1
k

ð17Þ

1
keff

¼ 2

3
ffiffiffi
3

p
GD�kox

ffiffiffiffiffiffiffiffiffiffiffiffi
½I3�
*

p þ 2½I3�
*
GD��hnJhn

þ 2½I3�
*
GGD�kinj

ð18Þ

The apparent first-order rate constant decreases with in-
creasing [I3

�]*. When [I3
�]* increases, the flux of UME-gen-

erated I� will be greater and pseudo-first-order conditions
are not maintained at the ZnO/Eosin Y film even at sub-
millimolar triiodide concentrations. This indicates that under
the experimental conditions the steady-state concentration
of accessible photoexcited dye cation Eosin Y+ in the ZnO
film is not much greater than the dissolved electron donor
concentration and true first-order conditions are not main-
tained.
Values for kox [cm

9/2mol�3/2 s�1] and 1/khn,eff [s] were ex-
tracted from the graph of the experimental values 1/keff
[s cm�1] versus [I3

�]* [molcm�3] in Figure 6 and from Equa-

tion (18), using different numerical models (Table 2; for fur-
ther details see Supporting information). The effective rate
constant for the excitation and electron injection process for
a given light intensity, wavelength, and dye molecule (con-
tained in fhn = fhn(l)) can be defined as in Equation (19).

ðkhn,effÞ�1 ¼ ðkinjÞ�1 þ ð�hnJhnÞ�1 ð19Þ

The values for kox and khn,eff were calculated from p1 and
p2 using experimental total dye loading GD8 = 6=
10�8molcm�2. The uncertainty estimates in Table 2 are the
statistical uncertainties of the fitting procedures. Taking into
account the uncertainty in the determination of individual k
values, the uncertainty of the values can be expected to be
significantly greater than given in Table 2. The different fit-
ting procedures lead to better approximations in different
concentration regimes. Summarizing the results in Table 2, a
sensible estimate could be kox = (1.4�0.8)=108 cm9/2mol�3/2

s�1, and 1/khn,eff = (105�35) s. Since the fluorescence of

Figure 6. Variation of experimental values of keff versus bulk concentra-
tion of I3

�. The lines represent different fits of parameters to the data.
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Eosin Y is completely quenched when the dye is adsorbed
onto ZnO, it is reasonable to assume that kinj is in the same
order as for a fluorescence process and, therefore,
(khn,eff)

�1� (fhnJhn)
�1. Taking the measured photon flux to be

3.9=10�9 mol s�1 cm�2, the photoexcitation cross-section of
the adsorbed dye molecule can be estimated as 2.4=
106 cm2mol�1 or 4=10�2 R2 per individual dye molecule. As
expected, this cross-section is much smaller than the geo-
metrical cross-section of an adsorbed dye molecule.
The physical interpretation of these numbers should be

carried out with caution, keeping in mind the assumptions
used in deriving them. In particular, it is currently unclear
which fraction of the dye molecules takes part in the photo-
excitation and regeneration process and how this number is
influenced by the structural parameters of the nanoparticu-
late ZnO/Eosin Y film. While it seems reasonable that not
all the adsorbed dye molecules are accessible to dissolved
I�, inaccessible dye molecules may nevertheless contribute
notably to a photocurrent if they are provided with electrons
by a fast lateral charge transfer along a layer of adsorbed
(and probably aligned) dye molecules. Consequently, the
quantities derived above are representative values for an en-
semble that characterize a particular preparation of a ZnO/
Eosin Y DSSC, while the true molecular equivalents of
these quantities have a very broad dispersion.
SECM was applied to investigate the electrode reactions

of dye-sensitized solar cells (DSSC) for the first time. Elec-
trodes based on nanocrystalline ZnO/Eosin Y films were
chosen as an example. The mediator concentration used in
this study was much lower than that in practical DSSC ap-
plications. It was found experimentally that even at sub-mil-
limolar triiodide concentrations the observed normalized
rate constant from SECM approach curves depended on the
concentration. A detailed kinetic analysis made it possible
to relate the observed approach curves to a kinetic model of
the dye regeneration process under the short-circuit opera-
tion conditions of the DSSC and low light intensities. Effec-
tive rate constants could be determined for the dye regener-
ation by electron transfer from the electrolyte (1.4�0.8)=
108 cm9/2mol�3/2 s�1) and were related to the rates of photo-
excitation and electron injection for a given experimental
setup. The analysis showed further that only a minute frac-
tion of the total dye load participated in the reaction with
the dissolved donor. Despite the greatly simplifying assump-
tions made during the data analysis, the method is opening
the way for further studies to elucidate the relationships be-
tween the structural characteristics of the dye-sensitized

semiconductors and the charac-
teristic properties accessible by
SECM experiments. Extension
of the applicability to other ma-
terial combinations of DSSCs
and other electrolyte systems
seems straightforward. In the
future such measurements can
complement existing DSSC
characterization methods from
both physico-chemical and en-

gineering points of view.

Experimental Section

Chemicals : Acetonitrile (Spectrochem, HPLC grade), the solvent for the
electrolyte solution, was purified as described in reference [32]. Anhy-
drous tetrabutylammonium trifluoromethanesulfonate (TBAS) (electro-
chemical grade, Fluka) was used as supporting electrolyte without further
purification. I2 (Merck) was purified by sublimation before use. KI was
pretreated by heating at 150 8C for 3 h and then dried in vacuum before
use. Solutions of KI3 in acetonitrile/TBAS were prepared by mixing equi-
molar portions of 4mm solutions of KI and I2 in acetonitrile/TBAS and
diluting the resulting stock solution to the required concentration with
acetonitrile/TBAS electrolyte solution.

Preparation of ZnO/Eosin Y film samples : The ZnO/Eosin Y hybrid thin
films used as samples were prepared in a three-electrode single-compart-
ment cell with a saturated calomel electrode (SCE) as reference elec-
trode, a Zn wire as counter-electrode and F-doped SnO2 on glass (Asahi
Glass) as working electrode.[9,36] The F-doped SnO2 glass substrate was
mounted as a rotating electrode in a stainless steel holder providing me-
chanical and electrical attachment to a rotating disk electrode (RDE)
system and was operated at 500 rpm. The ZnO/Eosin Y films were depos-
ited at �1.0 V (vs. SCE) for 20 min at 70 8C from an oxygen-saturated
aqueous solution containing 5mm ZnCl2 (Fluka), 0.1m KCl (Roth), and
50mm Eosin Y (Aldrich). The solution was purged with O2 at a volume
flow rate of 200 mLmin�1. Following deposition, the ZnO/Eosin Y film
was exposed to a dilute aqueous KOH solution (pH 10.5) for 24 h to
desorb the loaded Eosin Y molecules. The films were dried in air for 1 h
at 150 8C. Eosin Y was re-adsorbed from aqueous 250mm Eosin Y solu-
tions at 80 8C.

Instruments and procedures : SECM experiments were performed on a
home-built instrument.[37] The Teflon cell contained a Pt wire counter-
electrode and a Pt wire quasi-reference electrode. The ZnO/Eosin Y
sample film was attached to the bottom of the cell and sealed by an O-
ring. An extra Pt wire connected the back contact of the ZnO/Eosin Y
sample with the electrolyte to operate the photoelectrochemical cell in a
short-circuit setup. All potentials are given with respect to the quasi-ref-
erence electrode used in the particular experiment. This reference value
may have varied slightly, depending on solution composition. Positioning
was performed with an x–y–z stepper motor system (Scientific Precision
Instruments, Oppenheim, Germany). For all the SECM experiments, a
monopotentiostat m-P3 (M. Schramm, Heinrich Heine University, DAssel-
dorf, Germany) was used. Data were processed and analyzed with the in-
house software MIRA.

A Pt wire (Goodfellow, Cambridge, UK), diameter 25 mm, was sealed
into a 5 cm Pyrex glass capillary under vacuum. The UME was polished
and shaped conically by a wheel with 180-grid Carbimet paper disks and
micropolishing cloths with 1.0 mm, 0.3 mm, and 0.05 mm alumina. The
UME was sharpened to RG~10, where RG is the ratio of the diameters
of the glass sheath and the Pt wire. Before each experiment, the UME
was polished with 0.3 and 0.05 mm alumina powder and rinsed with
water. After the UME had been mounted, an approach curve was record-
ed toward a smooth glass surface until the mechanical contact between

Table 2. Numerical models and fitting results for the curves in Figure 6.

Model[a] p1 p2 kox [10
8 cm9/2mol�3/2 s�1][b] 1/khn,eff [s]

[b]

1 1
keff

= p1
1ffiffi

c
p

þ p2c
p1 =

2

3
ffiffi
3

p
GD�kox

p2 =
2

GD�khn,eff
1.12 (�23%) 78.1 (�2%)

2 keff =
p1

ffiffi
c

p

p2 þ 2c p1 = GD8khn,eff p2 =
2khn,eff
3
ffiffi
3

p
kox

2.78 (�23%) 140 (�6%)
3

ffiffi
c

p

keff
= p1 + p2c

3/2 p1 =
2

3
ffiffi
3

p
GD�kox

p2 =
2

GD�khn,eff
1.18 (�80%) 78.4 (�1%)

4 1
ckeff

= p1
1

c3=2 + p2 p1 =
2

3
ffiffi
3

p
GD�kox

p2 =
2

GD�khn,eff
1.98 (�36%) 106 (�17%)

[a] The symbol c stands for [I3
�]*. [b] The values for kox and khn,eff were calculated from p1 and p2 using GD8 =

6=10�8 molcm�2.
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the glass sheath of the UME and the sample surface was detected by a
suddenly established constant current (for example, at L = 0.25 in
Figure 3). By a fit to the well-established theoretical curve for this situa-
tion [Eq. (4)], the exact rT and the distance d0 between the active elec-
trode surface and the sample at the moment of mechanical contact by
the insulating sheaths were detected. This distance d0 was determined by
the shape of the UME, the exact mounting geometry, and the tilt of the
sample. The UME was completely retracted afterward, but the mounting
was not changed. The glass sample was exchanged for the Eosin Y/ZnO
sample, then approach curves to the Eosin Y/ZnO samples under illumi-
nation were recorded. By fitting the data to theoretical curves [Eqs. (3)–
(5)], it was assumed that d0 was the same as d0 determined for the glass
sample, because the UME geometry and the sample tilt were identical in
the two situations. The point of closest approach could be identified
clearly by the sudden deviation from the expected behavior for the ap-
proach curves. When rT and the coordinates of the surface in the position-
ing system were known, the curves could be fitted to the theoretical
curves by adjusting k and iT,1. We found this procedure to be necessary
in order to separate the different unknown variables clearly.

All the experiments were carried out at room temperature. Illumination
from a blue light-emitting diode (LED, 2000 MCD Blue; Reichelt Elek-
tronik, Sande, Germany) was focused onto the back of the ZnO/Eosin Y
film. The photon flux was 3.9=10�9 mol s�1 cm�2 measured by a calibrated
photodiode (Hamamatsu). The excitation light did not contain contribu-
tions below 420 nm that could lead to direct photoexcitation of ZnO
(band gap 3.2 eV corresponding to 386 nm; see Supporting information).
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