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Abstract

The complexcis-[(dcbH2)2Ru(ppy)2]2+, in which dcbH2 is 4,4′-(CO2H)2-2,2′-bipyridine and ppy is 4-phenylpyridine, was anchored to
nanocrystalline TiO2 films deposited onto FTO substrate. Transient UV–visible absorption spectra with the resulting electrodes were carried
out in order to investigate the electron-transfer process across the excited dye/semiconductor interface, as well as the charge recombination
and quenching processes.

The formation of the oxidized complex [(dcbH2)2RuIII (ppy)2]3+ upon light excitation was monitored by transient absorption difference
spectra. The compound performs successful conversion of visible light into electricity as a molecular sensitizer of nanocrystalline n-type
TiO2 in photoelectrochemical solar cells. A fast quenching of the oxidized complex in the presence of iodide emphasizes the importance of a
proper concentration of donor species in the redox mediator for the effective regeneration of the oxidized sensitizer. Kinetics data of electron
injection obtained by time-resolved experiments are discussed in parallel with photoelectrochemical properties of the dye-sensitized anatase
TiO2. © 2002 Published by Elsevier Science B.V.
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1. Introduction

Efficient conversion of visible light into electricity is
achieved by photoelectrochemical solar cells based on dye
sensitization of wide bandgap semiconductors. Dye sensiti-
zation presents advantages over direct band to band excita-
tion as in conventional solar cells. It allows electron injection
from the photoexcited dye molecule into the semiconductor
conduction band (CB) with energy lower than the bandgap
and the semiconductor valence band is not involved in the
light absorption process. Therefore, the electron–hole pair
is separated by the semiconductor–sensitizer interface with
the harvesting of a large fraction of sunlight by coordination
complexes having a broad absorption band [1–7].

The concept of the dye sensitization was already con-
sidered more than 30 years ago [8,9], but the experimental
efficiency achieved by the cells was restricted to the low ab-
sorptivities presented by monolayers of dyes on electrodes
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of low surface roughness. Significant improvements have
been achieved with the evolution of the synthetic route to
effectively bind the molecular sensitizer to the semiconduc-
tor surface [10,11] followed by the development of fractal
polycrystalline TiO2 films achieved a decade later [12]. In a
porous film, consisting of nanometric semiconductor parti-
cles, the active surface area is greatly increased, resulting in
an effective light absorption. As a result of these advances,
the development of low-cost efficient solar cells became
possible [13,14].

n-TiO2 is widely used as semiconductor material in
dye-sensitized photoelectrochemical solar cells, owing to
its favorable energetics, stability, low price and simple
processing [14–18]. Ruthenium(II) polypyridyl complexes
with carboxylated ligands are commonly employed as TiO2
sensitizers in such cells [19–21] and outstanding results
have been achieved using thiocyanate derivatives as ancil-
lary ligands [22–24]. As a result of visible light excitation,
dye species are electronically excited resulting in electron
transfer through the dye complex to the semiconductor in
the femto/sub-picosecond time-domain [2,6,22,25].
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We have been obtaining high incident photon-to-current
conversion efficiencies (IPCE) employing a series of
cis-[(dcbH2)2RuLL′] species, in which dcbH2 is 4,4′-
(CO2H)2-2,2′-bipyridine and L and/or L′ are substituted
pyridines, as n-TiO2 sensitizers in transparent photoelectro-
chemical solar cells [26–30]. The results showed that the
spectral sensitivity to the visible light, as well as the overall
conversion efficiency of the cells, are affected by the nature
of ancillary ligands coordinated to the nonattached side of
the dye.

In this work, the excited state properties of the com-
plex with 4-phenylpyridine (ppy) as ancillary ligands,
cis-[(dcbH2)2Ru(ppy)2](ClO4)2, attached to TiO2 films,
were investigated by means of laser flash-photolysis.
Scheme 1 illustrates the interfacial electron transfer follow-
ing light absorption for thecis-[(dcbH2)2Ru(ppy)2](ClO4)2

Scheme 1. Schematic representation of interfacial electron-transfer pro-
cess (B) following light absorption (A) for thecis-[(dcbH2)2Ru(ppy)2]2+
complex.

dye anchored to TiO2 surface. Investigation of the
electron-transfer process across the excited dye/semicon-
ductor interface, as well as charge recombination and
quenching processes, were performed through time-resolved
experiments carried out with the sensitizer anchored to
nanostructured anatase TiO2 films.

2. Experimental

All chemicals were reagent grade or of the best
available purity. HPLC solvents and reagent grade water
was always used. Transparent TiO2 films for photoelectro-
chemical measurements were obtained following the proce-
dure described in the literature [22,31]. The semiconductor
emulsion was deposited on conductive fluorine-doped SnO2
glass. The molecular sensitizercis-[(dcbH2)2Ru(ppy)2]-
(ClO4)2 was synthesized as previously described [27].
Adsorption of the complex into the TiO2 surface was
achieved by immersing the processed electrode for 3 h in ca.
1 × 10−4 M ethanolic solution of the ruthenium complex.

2.1. Methods

Stationary absorption spectra were recorded on a Hewlett
Packard HP 8453 UV–visible spectrophotometer. Emis-
sion measurements were performed on a SPEX Fluoro-
max 2 spectrofluorometer equipped with a Hamamatsu
R3896 tube.

Transient absorption measurements were performed using
a set up and an apparatus that have been previously described
[32]. The measurements were performed in 0.3 M LiClO4 in
acetonitrile, which is frequently used as the solvent system
in photoelectrochemical experiments.

Photoelectrochemical measurements were performed
by using a dye-sensitized TiO2 film incorporated into a
thin-layer sandwich-type solar cell as previously described
[27,30]. The transparent solar cell consists of two elec-
trodes sandwiching a mediator solution. The photoanode
is composed of a fluorine-doped SnO2 substrate with the
TiO2 film sensitized by the complex. The counter electrode
presents a transparent platinum film on its conductive sur-
face. The redox mediator and electrolyte, 0.03 M I2/0.3 M
LiI solution in acetonitrile is placed between the two
electrodes.

Preliminary performances of cells were evaluated using a
system comprised of a 200 W Hg (Xe) arc lamp and inter-
ference filters, as detailed elsewhere [33]. Photocurrent and
voltage measurements, as well as photoaction spectra, were
obtained as previously described [26,27]. Alternatively, an
Oriel system consisting of a 450 W Xe lamp model 6266
coupled to monochromator model 77200 was used. Inci-
dent irradiance was measured with a calibrated power meter,
model 70260 and the photocurrent was collected on a A.W.
Sperry, model DM-8A or a Minipa, model ET-2600, digital
multimeters.
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Fig. 1. UV–visible absorption spectra of TiO2 (dashed line) and [(dcbH2)2Ru(ppy)2]2+/TiO2 (solid line) in acetonitrile (room temperature).

3. Discussion

It has been shown that photophysic and redox properties of
compounds of the general formulacis-[(dcbH2)2RuLL′] can
be controlled through a convenient selection of the ancillary
ligands L and L′. The absorption bands can be adjusted or
tuned to lower wavelengths resulting in an enhanced spectral
response to the visible light [21–23,26,27,30,34–36].

Efficient sensitization of nanocrystalline n-TiO2 was
achieved employing the speciescis-[(dcbH2)2Ru(ppy)2]
(ClO4)2 as a molecular sensitizer in photoelectrochemi-
cal solar cells, resulting in incident monochromatic IPCE
values as high as 45% in the 450–550 nm region [27,30].

The electronic absorption spectra of the TiO2-covered
TCO substrate before and after adsorption ofcis-[(dcbH2)2
Ru(ppy)2](ClO4)2 onto its surface are shown in Fig. 1. The
electrode spectrum is similar to the absorption spectrum of
the corresponding molecular sensitizer in solution [26] and
displays MLCT (d�→�∗) bands in the visible region as
well as intra-ligand (�→�∗) transitions in the UV region
[22,23,26,27,34,35,37].

The transient absorbance difference spectra in ace-
tonitrile of the photoanode containing a TiO2 film cov-
ered with cis-[(dcbH2)2Ru(ppy)2](ClO4)2 is presented
in Fig. 2. Following light absorption, the electron in-
jection from the excited sensitizer into the semiconduc-
tor results in the formation of the oxidized complex
cis-[(dcbH2)2RuIII (ppy)2]3+. This results in a bleach in
the region between 350 and 650 nm, which is attributed
to the depletion of the ground state MLCT absorption
[4,32,38–44]. The absence of a positive absorption in
the 350–400 nm region, attributed to intra-ligand ab-
sorption of the polypyridine radical-anion in the excited
[(dcbH2)2Ru(ppy)2] species, shows that electron injection
to the semiconductor is efficient and takes place within the

laser pulse (<10 ns) or faster, which is in agreement with
earlier reported data [32,39,42–44].

The steady-state emission spectrum ofcis-[(dcbH2)2
Ru(ppy)2](ClO4)2 in acetonitrile solution exhibits a weak
emission centered at 620 nm. The short-lived (t < 5 ns)
emission could not be resolved with the available equipment.

Fig. 3 shows the absorbance changes of the complex mea-
sured at 480 nm obtained by excitation with 3.0 mJ cm−2

laser pulse at 532 nm in two conditions. The recovery
process observed in Fig. 3A is associated with the reduc-
tion of the oxidized species,cis-[(dcbH2)2RuIII (ppy)2]3+
[32,38,41]. After the fast bleaching observed following
light excitation and electron injection, the absorbance of
cis-[(dcbH2)2Ru(ppy)2]2+ in the ground state is regenerated
through a multiphasic process, apparently characterized by
a comparatively fast step followed by another slower one.

Fig. 2. Time-resolved transient absorption spectra ofcis-[(dcbH2)2

Ru(ppy)2]2+ adsorbed in TiO2 film. MeCN/0.3 M LiClO4, room temper-
ature,τd = 0, 50, 250, 1000 and 2000 ns (λexc = 532 nm, 3.0 mJ cm−2

laser pulse).
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Fig. 3. Absorbance changes measured at 480 nm forcis-[(dcbH2)2

Ru(ppy)2]2+ after 532 nm laser pulse (3.0 mJ cm−2) in (A) MeCN/0.3 M
LiOCl4 and (B) MeCN/0.3 M LiI.

This behavior is frequently observed in such heterogeneous
systems and is attributed to surface defects which could re-
tain temporarily the injected electrons [38,40,42,43,45,46].

Fig. 3B shows the recovery process in the presence of io-
dide. The concentration employed (0.3 M LiI) is the same
as in standard photoelectrochemical solar cell experiments
and Li+ concentration was kept constant with respect to the
recombination experiments (0.3 M LiClO4, Fig. 3A). It is
observed that the recovery process is much faster in the pres-
ence of iodide (Fig. 3B) than in its absence (Fig. 3A). This
evidences that the presence of iodide in adequate concentra-
tion promotes the fast quenching of the oxidized species as
observed in Fig. 3B. This behavior is found to be dependent
on the concentration of iodide [45]. A sluggish iodide oxida-
tion was found to be a limiting factor which restricts the con-
version efficiencies in photoelectrochemical solar cells [47].

The primary step of electron injection from the excited
sensitizer into the semiconductor is extremely fast. After
electron injection, the oxidized dye must be rapidly reduced
by electrolyte relay in solution in order to prevent both the
electronic recombination across the interface and any pho-
todegradation reactions. Reduction of the oxidized dye by
iodide regenerates the cromophore to its original state and
gives rise to I3−, 1 Eq. (1), closing the cycle initiated after
light absorption.

2[(dcbH2)2RuIII (ppy)2]3+ + 3I−

→ 2[(dcbH2)2RuII (ppy)2]2+ + I3
− (1)

The overall efficiency of the photoelectrochemical con-
version process is given by the wavelength dependent IPCE
term which is directly related to the fraction of radiant
power absorbed by the material (or light harvesting effi-
ciency, LHE), the quantum yield for electron injection into
the semiconductor (φ) and the efficiency of collecting elec-
trons in the external circuit (η) [20,22,32,48].

1 Shown as I2 in Fig. 4, representing the processk4.

Fig. 4. Schematic representation of the photoconversion process in dye-
sensitized solar cell. S is [(dcbH2)2Ru(ppy)2]2+, CB and VB are conduc-
tion and valence bands.

The η value is related to the fraction of injected charges
which percolates through the TiO2 membrane and reach the
back contact of the photoanode [48].

The conventional mechanism of the energy conversion
process is shown in Fig. 4. After light absorption, the ex-
cited sensitizer (S∗) promotes the electron injection (k2) into
the semiconductor CB. The oxidized sensitizer (S+) is re-
duced by an electron donor (k4) which is regenerated at the
counter electrode (k7). Efficiency loss can take place by ra-
diative and nonradiative decay of the excited state (k1), by
recombination of electrons in the CB with oxidized sensi-
tizer molecules (k3) and by electrons in TiO2 which react
with oxidants in solution (k6).

The efficiency of quenching of RuIII , defined asη, most
likely reflects in the resulting IPCE values and is evaluated
by monitoring the decay of the oxidized sensitizer in the
absence (k3) or presence (k4) of iodide according to the
simplified analytical expressions below [32,48]2

η = k4

k3 + k4
(2)

or

η = 1 − k3

k3 + k4
(3)

Eqs. (2) and (3) describe the interplay between the quenching
process (k4) and the recombination of the electrons in the
CB with the RuIII center (k3) [32].

The magnitude of rate constantsk3 andk4 can be evalu-
ated through the data obtained in time-resolved experiments.

2 See [32] for the full derivation of the kinetic processes.
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Theη term is then estimated applying Eq. (3). The quench-
ing of RuIII by I− (Fig. 3B,k3 + k4 = kobs) was treated as a
single exponential. Traces of the recombination between the
electron in TiO2 and the oxidized dye molecule (k3) were
fitted with a bi-exponential function which indicates a fast
(k ≈ 5×106 s−1) and a slow (k ≈ 2×105 s−1) components.
Since the quenching of RuIII is completed within 100 ns,
only the fast component is considered. Applying the values
obtained in Eq. (3) results inη = 0.67. Although somewhat
high, the value obtained for the quenching efficiency is be-
low that obtained for related species which also resulted in
higher IPCE values. Both parametersη and IPCE are inter-
connected, since the efficiency of the cells is partially at-
tributed to the interplay between the quenching of RuIII by
I− and the recombination of the electrons of the CB with
the oxidized dye molecule [32]. Nevertheless, one should
be careful while analyzing these values, due to the above
mentioned assumptions and simplifications.

There is a difference between the kinetics of charge re-
combination and the ultrafast electron injection. Such a
different behavior among both interfacial electron-transfer
processes is a key factor to the successful operation of
dye-sensitized photoelectrochemical solar cells [4,41]. Back
electron transfer to the oxidized dye S+ is avoided due to
its efficient regeneration by the redox mediator.

4. Conclusion

The process of nanocrystalline n-type TiO2 sensitization
to visible light by [(dcbH2)2Ru(ppy)2]2+ in photoelectro-
chemical solar cells is further examined. The efficient cap-
ture of the oxidized dye by the electron relay in solution
prevents the recombination, directing the electron transport
process to the desired pathway. The regeneration of the ox-
idized dye provided by the proper concentration of donor
species in the redox mediator is critical to the electrical cir-
cuit as well as to the stability of the cell.

The kinetics of charge recombination is much slower than
the ultrafast electron injection. The difference of several or-
ders of magnitude among these processes is essential to the
successful operation of the photoelectrochemical solar cells.
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