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Type II dye-sensitized solar cells (DSSCs) differ from conventional DSSCs by their mechanism of light
absorption and electron injection. Instead of photoexcitation of the dye, followed by electron injection to the
semiconductor conduction band, in type II DSSCs, there is a direct electron injection from the HOMO level
of the sensitizer into the conduction band of the semiconductor. The main drawback of such cells is their
extremely rapid back-electron-transfer rate. Herein, we present a new approach for inhibiting back electron
transfer in a catechol-sensitized type II DSSC using a thin layer barrier coating of SrTiO3 between the
semiconductor and the sensitizer. A 70% improvement in charge collection efficiency is reported. A proposed
mechanism for the operation of the SrTiO3 barrier layer is presented.
Introduction
Dye-sensitized solar cells arouse intense interest owing to
their low cost and low-tech preparation procedures.1,2 They
provide a technically and economically credible alternative
concept to crystalline silicon-based p-n junction photovoltaic
devices. In contrast to conventional systems, where light
absorption and charge-carrier transport takes place in the
semiconductor, these two processes are separated in DSSCs.
Light is absorbed by a sensitizer that is anchored to the surface
of a mesoporous wide-band-gap semiconductor film (usually
TiO2). Charge separation takes place at the dye/semiconductor
interface via a two step photoinduced process. First, an electron
is excited from the HOMO to the LUMO level of the dye,
followed by injection into the conduction band of the semiconductor. After charge separation, electrons diffuse through the
mesoporous semiconductor toward a conducting transparent
front electrode, while positive charges are transported by the
electrolytes’ redox species to a Pt back electrode.
Recently, it was shown that DSSCs can also utilize type II
photoinjection of electrons. These cells are based on direct,
ultrafast, one-step electron injection from the ground state
(HOMO) of the sensitizer to the conduction band of TiO2 via a
photoinduced ligand-to-metal charge-transfer (Figure 1).3-10
We emphasize that, in type II DSSCs, no photoexcited dye states
are involved, in contrast to conventional DSSCs. Typical type
II sensitizers are organic molecules that consist of endiol ligands
that form a chelating bond with an undercoordinated tetrahedral
Ti(IV) surface state.11-13 Sensitizer molecules in solution prior
to the adsorption to the metal oxide can be transparent in the
visible region. Upon adsorption to the TiO2 surface, they create
a new metal-organic charge-transfer complex that changes the
absorption spectrum of the surface-modified nanocrystalline
particles and shifts the onset far into the visible region. Catechol
is a well-known example that has been used to sensitize metal
oxides, such as TiO2, ZrO2, and Fe2O3.14 The concept of type
II sensitizers is shown in the Supporting Information (Figure
S1), where catechol in ethanol solution is transparent (left vial),
TiO2 nanoparticles in ethanol appear white due to light scattering
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Figure 1. Schematic diagrams comparing between the solar cell
operations of a (a) conventional DSSC and (b) Type II DSSC. (a)
Photoexcitation of the dye, followed by electron injection into the CB
of the TiO2. (b) Direct electron injection from the ground state of the
sensitizer into the CB of the TiO2.

of nanoparticle aggregates (right vial), whereas catecholmodified TiO2 in solution appears yellow/brown (middle vial).
One of the key problems of type II solar cells is the high
back-electron-transfer rate from the reduced metal oxide to the
oxidized sensitizer, which is significantly faster than that in
regular DSSCs. Reports show that almost all back electron
transfer in type II systems occurs in the picosecond time scale
with a few percent occurring in the nanosecond scale,15,16 which
leads to a low light-to-electric power conversion efficiency. A
large improvement in solar cell performance was achieved by
the synthesis of new catechol derivatives with electron-donating
groups, which could slow the back electron transfer via fast
hole extraction.17
In this work, we present a new method to inhibit charge
recombination in catechol-sensitized type II DSSCs (CSSCs).
Our approach involves a nanometer thick SrTiO3 energy barrier
that was placed between the catechol layer and the mesoporous
TiO2 electrode. Although thin layer coatings have been applied
to reduce recombination in conventional DSSCs18-22 or to
enhance the photostability in quantum dot-sensitized solar
cells,23 until now, no attempt has been made to slow down back
electron transfer in type II solar cells, introducing such coatings.
Slower back-electron-transfer kinetics were recorded using time-
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resolved fluorescence decay measurements, showing an improvement of up to 70% in charge collection efficiency,
compared with the noncoated electrodes.
Experimental Section
Film Preparation. Mesoporous TiO2 films (4 µm thick) were
prepared by doctor blading of a commercial paste of TiO2
particles with an average diameter of 14 nm (Solaronix) onto
fluorine-doped tin oxide (FTO)-covered glass substrates (Pilkington TEC 8) with an 8 Ω/square sheet resistance. Following
the deposition process, all the electrodes were dried in air at
100 °C for 30 min and sintered at 550 °C for 1 h. The film
thickness was measured with a profilometer (Surftest SV 500,
Mitutoye Co.). Mesoporous TiO2 electrodes were coated with
a thin SrTiO3 layer following a previously reported dip-coating
procedure using an ethanol solution containing 0.1 mM strontium oxide (99.9%).18 The electrodes were immersed in the
solution for 45, 90, and 180 s before they were rinsed with dry
ethanol and sintered again at 550 °C for 1 h. All the electrodes
were immersed in 1 mM catechol in ethanol for 4 h and then
rinsed with dry ethanol. An I-/I3- redox electrolyte was used
in the catechol-sensitized solar cells consisting of 0.1 M lithium
iodide, 0.05 M iodine, 0.6 M 1-propyl-2,3-dimethylimidazolium
iodide, and 0.5 M 4-tert-butylpyridine, dissolved in a 1:1 ratio
of acetonitrile and 3-methoxypropionitrile. A Pt-coated FTO
glass was used as a counter electrode.
XPS. X-ray photoelectron spectroscopy (XPS) analyses were
done on a Kratos AXIS-HX spectrometer with a monochromatic
Al X-ray source, at 75 W. All spectra were calibrated versus C
1s ) 286.6 eV.
Photoelectrochemical Measurements. Photocurrent-voltage
characteristics were recorded with an Eco-Chemie potentiostat
using a scan rate of 10 mV/s. A 300 W xenon arc lamp (Oriel)
calibrated to 100 mW/cm2 (1 sun) served as a light source. The
illuminated area of the cell was 0.64 cm2.
Time-Resolved Fluorescence. Fluorescence decay measurements were carried out using a Picoquant Microtime 200
instrument with a laser excitation at 405 nm and a repetition
rate of 20 MHz. A long-pass filter (430 nm) was placed in front
of the detector.
Optical Absorbance Measurements. The visible absorbance
of catechol-sensitized electrodes was recorded using a Cary 500
scan UV-vis-NIR spectrophotometer (Varian).
Results and Discussion
Catechol-sensitized SrTiO3-coated TiO2 films with different
coating durations and uncoated TiO2 films were compared to
evaluate the effect of the SrTiO3 barrier layer on the solar cell
performance. To ensure similarity, the reference bare TiO2
electrode was sintered a second time together with the SrTiO3coated TiO2 electrodes.
XPS measurements were applied in order to estimate the
thickness of the resulting coatings (see the Supporting Information, Figure S2). Using the atomic percentage ratio between Ti
2p and Sr 3p and assuming a uniform crystalline coating and
that all particles are spherical and monosized, the calculated
thickness of the SrTiO3 layers was up to 0.2 nm.
Photocurrent-voltage measurements and incident photon-tocurrent efficiencies (IPCE) of the different electrodes are shown
in Figure 2. The results clearly show that the SrTiO3 barrier
layer significantly improves the short-circuit current. The best
performance with a photocurrent improvement of 18% was
obtained after a dip-coating duration of 90 s. In addition, all
coated electrodes exhibit a 20 mV higher open-circuit voltage

Figure 2. IPCE (a) and I-V curves (b) of the different catecholsensitized electrodes: reference bare TiO2, SrTiO3 coating, 45 s dipping
time, 90 s dipping time, and 180 s dipping time. Curve (c) shows the
short-circuit currents as a function of SrTiO3 coating dipping time.

compared with the uncoated reference electrode. Figure 2c
presents the short-circuit current as a function of the dipping
time into the strontium oxide precursor solution, which determines the thickness of the SrTiO3 layer. As the thickness of
the SrTiO3 layer increases, the short-circuit current increases
up to a maximal value associated with a critical coating
thickness. This effect is better observed when the measured
photocurrent is normalized to the amount of effective sensitizer,
that is, catechol molecules that create a charge-transfer complex
with the tetrahedral Ti(IV) surface state. Figure 3a presents the
absorption spectra of a series of four electrodes with no coating
and with different coating thicknesses. Relying on the fact that
all visible absorption of the electrodes comes from the chargetransfer complex, one can integrate the area below each curve
and extract the relative amount of catechols that participate in
visible light absorption. In other words, the absorption spectrum
is proportional to the surface concentration of the photoactive
catechol-metal oxide charge-transfer complexes in the various
electrodes. Dividing the measured short-circuit current of each
electrode by the relative surface concentration of the catecholmetal oxide charge-transfer complex normalizes the effect of
the electron injection flux on the photocurrent leaving the charge
collection efficiency as the source for the different values
obtained. Consequently, comparing all electrodes to the reference one reveals improved charge collection efficiencies in all
coated electrodes, with a maximum of 70% improvement in
the case of the 45 s dip-coating duration (table, Figure 3b).
Further evidence of the role of SrTiO3 as a recombination
barrier layer was obtained by measuring the electrode’s emission
lifetimes. In CSSCs, the luminescence is attributed to the
recombination of electrons from the TiO2 conduction band with
oxidized catechol molecules, in contrast to DSSCs, where the
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Figure 3. (a) The compared visible absorbance of the different catechol-sensitized electrodes: reference bare TiO2, SrTiO3 coating, 45 s dipping
time, 90 s dipping time, and 180 s dipping time. (b) Table summarizing the relative charge collection efficiencies assuming the reference as unity.

Figure 4. (a) Normalized time-resolved fluorescence decay measurements after a 405 nm laser excitation of a SrTiO3-coated electrode,
90 s dipping time (red) and reference bare TiO2 electrode (black). (b)
Fitting parameters for the emission time constants (τrec) and for emission
rate constants (κrec).

luminescence is due to recombination of the excited dye state
into its ground state. Recombination of CB electrons with the
oxidized dye is nonradiative. Measuring the emission life times,
Ghosh et al. were able to calculate the back-electron-transfer
time of catechol derivatives of Os(II)-polypyridyl complexes
and xanthene adsorbed on TiO2 and ZrO2 nanoparticles.24,25 In
this work, time-resolved fluorescence measurements (with a
detection limit below 1 ns) were applied to monitor the dynamics
of the back-electron-transfer recombination process in the
studied systems (Figure 4). After laser excitation at 405 nm,
the SrTiO3-coated catechol-sensitized electrode shows a slower
emission decay compared with the uncoated system, providing
strong evidence that the back electron transfer is inhibited by
the SrTiO3 barrier layer. To retrieve the time constants of the
measured emissions, the decay traces of both the reference and
the SrTiO3-coated electrodes were fitted single exponentially
to give 1.578 and 1.958 ns emission lifetimes, respectively,
which are attributed to the recombination lifetime of electrons
from TiO2 to oxidized catechol and recombination lifetime of
electrons from SrTiO3 to oxidized catechol (Figure 4b). It is
worth noticing that this is in contrast to conventional DSSCs,
where a case of slower dye emission decay indicates an
increased lifetime of the excited dye state caused by decreased
injection efficiency. Furthermore, we emphasize that baseline
experiments commonly used in DSSCs, using substrates with a
high conduction band edge (e.g., Al2O3), cannot be applied to

Figure 5. Left: schematic drawing of a CSSC with a SrTiO3 barrier
layer. Right: energetic scheme of the different electron-transfer
processes in the solar cell. Energy levels were taken from refs 16 and
26.

CSSCs due to the direct excitation into the conduction band
and the absence of an excited catechol state in the excitation
process.
Figure 5 schematically illustrates the operation of the SrTiO3
barrier layer as a back-electron-transfer inhibitor. The SrTiO3’s
conduction band is located closer to the vacuum level than the
conduction band of TiO2 by 0.2 eV,26 forming an energy barrier
between the TiO2 and the catechol. Following excitation, an
electron is injected from the HOMO level of the catechol
molecule into the conduction band of the SrTiO3. The energy
difference between the SrTiO3 and TiO2 conduction band edges
creates a thermodynamic driving force (∆G1) for electron
transfer from the SrTiO3 coating to the TiO2 core, which leads
to the observed retardation of the back electron transfer to the
oxidized catechol compared with the uncoated TiO2 particles.
A second explanation for the inhibited back electron is possible.
The thermodynamic driving force for back electron transfer
(∆G2) is larger for the SrTiO3-coated samples. Assuming ∆G2
is large enough to fall into the Marcus inverted regime,27
meaning that electron-transfer rates should decrease with
increasing thermodynamic driving force, it should also result
in a slower back-electron-transfer rate for the SrTiO3-coated
electrodes.
The observed effect of SrTiO3’s coating thickness on the
photocurrent may be associated with either the electron injection
or the collection efficiencies. Because type II injection involves
direct excitation from the sensitizer to the SrTiO3, it is not likely
that changes in its thickness will affect the electron injection
efficiency. However, the fact that the thickest coating exhibits
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a drop in the amount of catechols that participate in visible light
absorption can explain the photocurrent drop. With respect to
the electron lifetime in the TiO2 core, we expect higher values
and, thus, better collection efficiency for the thicker SrTiO3
coatings, mainly because a thin SrTiO3 coating might allow
electron tunneling from the TiO2 core back to the oxidized
catechols. Consequently, we can also attribute the drop in the
short-circuit current of the thicker coatings to a less efficient
electron transfer from the SrTiO3 shell to the recombinationprotected band of the TiO2 core.
Conclusions
We have shown that, by applying an energy barrier layer
coating of SrTiO3 on CSSCs, an improvement of 18% in the
short-circuit current and up to 70% in charge collection
efficiency was achieved, compared with the noncoated solar
cells. The coating operates as an inhibitor for the back-electrontransfer process, which opens up new possibilities for the
improvement of type II DSSCs.
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