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Excited-State Dynamics of [Ru(bpy)3]
2+ Thin Films on

Sensitized TiO2 and ZrO2

Valentina Leandri,[a] Peng Liu,[a] Azar Sadollahkhani,[a] Majid Safdari,[a] Lars Kloo,[a] and
James M. Gardner*[a]

The excited state dynamics of Tris(2,2’-bipyridine)ruthenium(II)
hexafluorophosphate, [Ru(bpy)3(PF6)2], was investigated on the
surface of bare and sensitized TiO2 and ZrO2 films. The organic
dyes LEG4 and MKA253 were selected as sensitizers. A Stern–
Volmer plot of LEG4-sensitized TiO2 substrates with a spin-
coated [Ru(bpy)3(PF6)2] layer on top shows considerable
quenching of the emission of the latter. Interestingly, time-
resolved emission spectroscopy reveals the presence of a fast-
decay time component (25�5 ns), which is absent when the
anatase TiO2 semiconductor is replaced by ZrO2. It should be
specified that the positive redox potential of the ruthenium

complex prevents electron transfer from the [Ru(bpy)3(PF6)2]
ground state into the oxidized sensitizer. Therefore, we
speculate that the fast-decay time component observed stems
from excited-state electron transfer from [Ru(bpy)3(PF6)2] to the
oxidized sensitizer. Solid-state dye sensitized solar cells
(ssDSSCs) employing MKA253 and LEG4 dyes, with [Ru
(bpy)3(PF6)2] as a hole-transporting material (HTM), exhibit 1.2%
and 1.1% power conversion efficiency, respectively. This result
illustrates the possibility of the hypothesized excited-state
electron transfer.

1. Introduction

Approximately four decades ago, several researchers observed
that the lowest energy excited state of several ruthenium (II)
octahedral coordination complexes exhibited long lifetimes in
solutions. Ruthenium(II) complexes formed with chelating
diimine ligands, such as bipyridine and phenanthroline, have
been particularly subjected to extensive research due to their
rich photophysics and photochemistry.[1–4] Furthermore, their
interesting properties made them excellent candidates for
many applications. The electrogenerated chemiluminescence
(ECL) of tris-chelated ruthenium(II) complexes has been success-
fully exploited in the generation of light-emitting diodes (LEDs),
organic light-emitting diodes (OLEDs) and light-emitting elec-
trochemical cells (LECs).[5–8] Efficient quenching of the triplet
excited state of these complexes via energy transfer to produce
singlet oxygen, made them efficient oxygen sensors.[9] More-
over, their characteristic absorption in the visible portion of the
electromagnetic spectrum, as well as their redox properties, led
to excellent results in the field of water splitting.[10–13] However,
it was within the field of dye-sensitized solar cells (DSSCs) in

which, perhaps, ruthenium(II) complexes of the type discussed
above have been more extensively employed. Due to their
aforementioned strong visible light absorption and their redox
properties, ruthenium(II) polypyridyl complexes quickly
emerged as outstanding photosensitizers for DSSCs and
maintained their supremacy for more than 20 years.[14–19]

Another interesting application of such complexes was as
energy relay dyes (ERDs) for DSSCs. In the latter case, the
purpose was to exploit the pore volume of mesoporous TiO2 for
light harvesting by ERDs in devices based on a solid-state (hole-
transporting material) HTM or a liquid electrolyte. In a second
step, the energy harvested through ERDs light absorption was
then transferred to a sensitizer anchored on the surface of TiO2

via resonance energy transfer. Inspired by a work of Siegers and
colleagues,[20] Nazeeruddin et al. successfully extended the
concept from liquid to solid-state dye-sensitized solar cells
(ssDSSCs) by introducing a ruthenium(II) sensitizer as ERD inside
the hole transporting layer.[21] These results triggered subse-
quent extensive research on the topic.[22–26] Surprisingly, the
literature only focuses on the Förster resonant energy transfer
(FRET) between the ERD and the sensitizer, and other possible
interactions are not taken into account. Moreover, there is no
existing record of a spectroscopic investigation performed at
the direct interface of ERDs and sensitizers. Therefore, our goal
is to study the excited state dynamics of thin films of a
ruthenium(II) complex employed as ERD which is deposited on
the surface of non-sensitized and sensitized TiO2 and ZrO2

mesoporous layers. In particular, tris(2,2’-bipyridine)ruthenium
(II) hexafluorophosphate, [Ru(bpy)3](PF6)2], was selected as an
ERD while the organic dyes LEG4 and MKA253, well known for
their good performances in DSSCs,[27–30] were chosen as
sensitizers. The excited state dynamics of Ru(bpy)3

2+ have been
explored through steady-state and time-resolved spectros-
copies. Furthermore, we fabricated and characterized ssDSSCs
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in which [Ru(bpy)3](PF6)2] was employed a HTM. Our results
interestingly suggest that a photoinduced electron transfer
from the excited state of Ru(bpy)3

2+ to the oxidized sensitizers
could potentially be a mechanism involved in the excited state
quenching observed on mesoporous TiO2 films. We propose
that such electron transfer could become a viable regeneration
mechanism of the oxidized sensitizers and be exploited for
future optimization of hybrid and organic solar cells.

2. Results and Discussion

The structures of LEG4 and MKA253 dyes are shown in the
Supporting Information (Figure S1). Steady-state spectroscopy
measurements were performed to evaluate any interaction at
the interfaces dye/[Ru(bpy)3]

2+ and TiO2/[Ru(bpy)3]
2+. The

electronic absorption and emission spectra for ruthenium tris
(bipyridine) films on TiO2, in the absence of dye, are displayed
in Figure 1.

The absorption spectrum reveals a structured peak with an
absorption maximum at λ =452 nm, which has been assigned
to a metal-to-ligand (d–π*) charge transfer (MLCT) process.[31]

On the other hand, the emission spectrum from the [Ru
(bpy)3]

2+ triplet excited-state is essentially unstructured and
displays a maximum intensity at λ =613 nm. These results
show minimal or no deviation from the absorption and
emission spectra of the same ruthenium complex in solu-
tion.[31,32] The photoluminescence (PL) of an emissive molecule
may be completely or partially quenched by interactions with
molecules or materials that can accept energy or electrons from
the emissive molecule’s excited-state. Figure 2 displays the
steady-state photoluminescence quenching of the [Ru(bpy)3]

2+

triplet excited-state upon increasing the concentration of the
dye LEG4 on the TiO2 surface. The change in dye load/

concentration was achieved by varying the dye-bath concen-
trations. For simplicity, the following detailed spectroscopic
investigation is based on the dye LEG4 exclusively, although
similar photoluminescence quenching was observed for
MKA253 as well (Figure S2).

There are numerous types of quenching mechanisms that
can be responsible for the decrease of the observed
emission.[33–35] A plot of the relative luminescence intensity as a
function of the quencher concentration, also known as Stern–
Volmer plot, is a useful tool to investigate the types of
mechanisms dominating the quenching process. In a control
experiment we have calculated the Stern–Volmer plot also for
ZrO2 films, as the relatively high conduction band edge of this
material prevents electron injection from the dye or *[Ru
(bpy)3]

2+.[36,37] Therefore, any difference observed between the
Stern–Volmer plots obtained for the two different substrates
can provide insights on the quenching mechanisms occurring.
Figure 3 shows the Stern-Volmer plots obtained from the
steady-state photoluminescence measurement in Figure 2 with
LEG4 dye adsorbed onto TiO2, and from the analogous system
on ZrO2 films (Figure S4). The linearity of the relationship
between the PL intensity and the quencher concentration
observed in both cases suggests that one main type of
quenching mechanism is predominant. Equation (1) shows the
Stern-Volmer relation for static and dynamic quenching:

I0
I ¼ 1þ Ksv Q½ � ð1Þ

Where I0 and I are the PL intensities in the absence and
presence of quencher, respectively; Ksv is the Stern–Volmer
quenching constant, and Q½ � is the concentration of the
quencher.

The quenching constants (Ksv) obtained in our systems are
equal to 48 M� 1 (on TiO2) and 21 M� 1 (on ZrO2). These values are

Figure 1. Normalized room temperature absorption (black solid line) and
emission (dashed line) spectra of a Ru(bpy)3(PF6)2 film spin coated on TiO2

substrates. Excitation wavelength used: 450 nm. Normalized absorption
spectra of dyes MKA253 (red solid line) and LEG4 (blue solid line) absorbed
on TiO2 films.

Figure 2. Photoluminescence intensity of Ru(bpy)3(PF6)2 films spin coated on
TiO2 substrates with varying amount of the dye LEG4 adsorbed on the
semiconductor surface. The concentration reported in the legend refers to
the concentration of the dye-bath used to sensitize the electrodes (see
Samples Preparation section for more details). Each spectrum was obtained
by averaging the emissive response from 3 different samples. Excitation
wavelength used:450 nm.
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several orders of magnitude lower than many others reported
in the literature. However, the vast majority of the systems
investigated do not involve a solid-solid interface but instead
typically one phase in which the quencher is free to diffuse,
such as vapor or liquid.[31,38] In a study by Tyagi et al., the
quenching of tris(8-hydroxyquinolinato)aluminium (Alq3) by
2,3,5,6-tetrafluoro-7,7’,8,8’-tetracyano quinodimethane (F4-
TCNQ) in a pure solid-state system was reported to have a Ksv of
13.8 M� 1, which is of the same order of magnitude as our
results.[39] This may suggest that, when both the donor and the
quencher are restricted in the solid state, the observed
quenching constants may be lower due to the limited diffusion
in an essentially immobilized system. The calculated quenching
constants with the LEG4 dye adsorbed on mesoporous titanium
oxide and zirconium oxide are within the same order of
magnitude. Interestingly, less efficient quenching is observed
for the samples in which the dye has been absorbed on
zirconium oxide. This observation suggests the presence of one
or more quenching mechanisms which occur when the dye is
absorbed on the TiO2 substrates, but not when it is on ZrO2

films. In order to have a clearer view of the possible underlying
mechanism, or mechanisms, we analyze the quenching path-
ways which may occur on the different semiconductor surfaces.
After excitation (equation 2), we identify 4 main possible
quenching mechanisms [Equations (3)–(6)] on ZrO2:

ZrO2=D
hn

�! ZrO2=D
* ; Ru bpyð Þ3½ �

hn

�! * Ru bpyð Þ3½ �2þ ð2Þ

ZrO2=D
* þ * Ru bpyð Þ3½ �2þ !ZrO2=D

* þ Ru bpyð Þ3½ �2þ ð3Þ

ZrO2=D
* þ * Ru bpyð Þ3½ �2þ ! ZrO2=D

� þ Ru bpyð Þ3½ �3þ ð4Þ

ZrO2=D
* þ * Ru bpyð Þ3½ �2þ !ZrO2=Dþ þ Ru bpyð Þ2 bpyð Þ�½ �þ ð5Þ

ZrO2= D Ru bpyð Þ3½ �2þf g
hv
�! ZrO2= D Ru bpyð Þ3½ �2þf g* ð6Þ

* Ru bpyð Þ3½ �2þ þ 3O2 ! Ru bpyð Þ3½ �2þ þ 1O2 ð7Þ

It is already well known from the literature which success-
fully employs ruthenium (II) complexes as ERDs, that energy
transfer from its excited state *[Ru(bpy)3]

2+ to dye molecules (D)
in their ground state is a viable quenching mechanism
[Equation (3)]. Other possible mechanisms involve an electron
transfer between the two species in their excited states
[Equations (4) and (5)]. However, if such an electron transfer
occurs,[40][41] it has to be within the lifetime of the excited state
of the dye (D*). Intermolecular photoinduced electron-transfer
processes can take place even on a picosecond or sub-
picosecond timescale if the involved species are in close
contact,[42–45] and do not represent a rate-limiting step. However,
the electron-transfer processes in the reactions (4–5) imply that
the two excited-states involved in the process must coexist at a
relatively short distance within the time frame of a few
nanoseconds,[37,46] and such conditions are rare and are only
likely to occur at high photon fluxes. Furthermore, a quenching
mechanism in which the dye and the ruthenium complex form
an association complex in the ground state (static quenching)
which is non-fluorescent is described in Equation (6). Finally,
oxygen quenching, independent from the type of metal oxide
employed as substrate, is represented in Equation (7).

On the other hand, dyes adsorbed on a semiconductor with
relatively low conduction band energies, such as TiO2, can
readily undergo oxidation by photoinduced electron transfer
into the conduction band (CB) of the semiconductor as shown
in Equations (8) and (9).

TiO2=D
hn

�! TiO2=D
* ð8Þ

TiO2=D
*! ðeCBÞTiO2=D

þ ð9Þ

Having the oxidized form of the dye (D+) on the semi-
conductor surface, allows new photochemistry to occur. Apart
from the quenching mechanisms discussed on ZrO2 [(Equa-
tions (3)–(6)] which can take place on TiO2 as well, and oxygen
quenching [Equation (7)], the additional quenching mechanism
involves electron transfer from the excited state of the
ruthenium (II) complex to the oxidized dye [Equation (10)]:

TiO2=D
þ þ * Ru bpyð Þ3½ �2þ ! TiO2=Dþ Ru bpyð Þ3½ �3þ ð10Þ

This quenching pathway can potentially be of significant
impact. Indeed, transient-absorption measurements have
shown that in the case of dyes bound to mesoporous TiO2, the
timescale for charge recombination between the electrons in
the conduction band (CB) of TiO2 (eCB TiO2ð ÞÞ and the oxidized
dye molecules adsorbed on the surface ðTiO2=D*Þ occurs on the
μs-ms time scale.[47][48][36] Therefore, photoinduced electron-
transfer reactions to the oxidized dye on TiO2 [Equation (10)]
are statistically more probable than the electron transfer
processes reported in equations 4 and 5.

In order to acquire more insights on the quenching
mechanism, time-resolved photoluminescence (TRPL) measure-
ments were performed. The results are presented in Figure 4. In
agreement with the steady-state measurements, the intensity of
the photoluminescence from the ruthenium complex films
decreases progressively as the concentration of the dye on the

Figure 3. Stern-Volmer plot of emission quenching of Ru(bpy)3(PF6)2 films by
the dye LEG4 on TiO2 (black squares) and ZrO2 (black stars). The [Q] value
was calculated from the Beer-Lambert law using the absorbance of the dye
on the semiconductor substrates, the molar extinction coefficient calculated
in solution, and the thickness of the TiO2 and ZrO2 substrates (500 nm).The
emission intensity from Ru(bpy)3(PF6)2 was monitored at λ=613 nm.
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TiO2/ZrO2 surface increases. Furthermore, as LEG4 is adsorbed
on the semiconductor surfaces, the normalized decay traces
plotted on a logarithmic scale (Figure 4c–d) reveal a significant
deviation from the decay of the non-sensitized samples. This
deviation is already evident at very low dye loading and
stabilizes for samples obtained from dye-bath concentrations
>10 μM (Figure S6). As seen from Figure 4c–d, the photo-
luminescence quenching is dynamic in origin; the traces change
not only in intensity but in shape as well. The photolumines-
cence from [Ru(bpy)3]

2+ on ZrO2 substrates decays exponen-
tially, and a simple model consisting of a sum of two
exponential components is sufficient to describe the decay
profiles. Figure 5 collects the results from the fitted model to
the normalized time-resolved photoluminescence data (Fig-
ure 4) recorded for mesoporous ZrO2 and TiO2. As mentioned
previously, the energy of the conduction band edge of ZrO2 is
more negative than the excited-states of both [Ru(bpy)3]

2+and
LEG4. The high energy band edge inhibits charge injection into
ZrO2 and the formation of LEG4+ or [Ru(bpy)3]

3+. As a
consequence, we do not expect any time component related to
the electron transfer from *[Ru(bpy)3]

2+ to the oxidized dye. The

populations of excited states that describe the decay profiles
are those located at the air/Ru(bpy)3

2+ and ZrO2/dye/Ru(bpy)3
2+

interfaces. On ZrO2, we assign the time constant τ2, to the
natural lifetime of *[Ru(bpy)3]

2+. In absence of the dye on ZrO2,
the natural lifetime is observed, plus quenching (τ1) that may
be due to oxygen [Equation (7)]. This suggests that the excited
states population related to the τ1 component resides at the
air/[Ru(bpy)3]

2+ interface. As LEG4 is bound to ZrO2, fewer *[Ru
(bpy)3]

2+ are in contact with ZrO2 and more come into contact
with the dye. Consequently, the pre-exponential factor associ-
ated with the natural lifetime decreases. In response to the
presence of the dye bound to ZrO2, the natural lifetime
decreases due to differences in the dielectric constant between
ZrO2 and the dye; the *[Ru(bpy)3]

2+ feels a different electronic
environment when the dye is present. As the value and pre-
exponential factor for τ2 decreases, the pre-exponential factor
for the time constant τ1 increases. However, the photolumines-
cence decay from *[Ru(bpy)3]

2+ on TiO2 substrates is more
complex. The simplest and adequate fit to the data is based on
the sum of three exponential functions, as shown in Equa-
tion (11).

Figure 4. (a) TRPL kinetic traces of samples with a Ru(bpy)3(PF6)2 film spin coated on top of TiO2 substrates sensitized with different concentrations of the dye
LEG4; (b) TRPL kinetic traces of samples with a film of Ru(bpy)3(PF6)2 spin coated on top of ZrO2 substrates sensitized with different concentrations of the dye
LEG4; (c) Logarithmic decay of the normalized TPRL kinetic traces reported in (a). TRPL profiles for concentrations 20–0.130 μM overlap and are not shown in
the graph for clarity (Figure S6); (d) Logarithmic decay of the normalized TPRL kinetic traces reported in (b). TRPL profiles for higher concentrations overlap
and are not shown for clarity (Figure S6). The dark red lines (c-d) show the data fitting. Excitation wavelength used=532 nm; observed emission wavelength
used=625 nm. Every trace shown represents an average of 3 traces obtained from different samples. LEG4 concentration was calculated from the Beer-
Lambert law using the absorbance of the dye on the semiconductor substrates, the molar extinction coefficient calculated in solution, and the thickness of
the TiO2 and ZrO2 substrates (500 nm).
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I tð Þ ¼ I1expð�
t
t1
Þ þ I2expð�

t
t2
Þ þ I3expð�

t
t3
Þ ð11Þ

The observed lifetimes on TiO2 differ by factors between 3
and 20, and the pre-exponential factors vary significantly as
well. These aspects indicate that the multiexponential analysis
is adequate and that at least three different non-radiative decay
processes occur on TiO2 substrates. In the absence of the dye,
the shortest time component (25�5 ns) has been assigned to
the photoinduced electron transfer from *[Ru(bpy)3]

2+ into the
TiO2 CB, in agreement with the literature.[49,50] Since [Ru(bpy)3]

2+

is only physically absorbed on TiO2, and its excited-state redox
potential is extremely close to the anatase CB edge, the
contribution from this quenching mechanism is small
ð0:1; i:e: �10%). The mid (170�5 ns) time component τ2 on
TiO2 exhibits a lifetime that is extremely close to the observed
τ1 on ZrO2 (160�5 ns), suggesting oxygen quenching [Equa-
tion (7)]. The longer time component τ3 (520�5 ns) is very
similar to the observed τ2 on ZrO2 (650�10 ns), therefore we
assign this time constant to the natural lifetime of *[Ru(bpy)3]

2+

in the TiO2 system. As the LEG4 dye is adsorbed on the TiO2

surface and its concentration increases, the shorter time

component remains constant at about 25 ns, which we believe
to be an effect of the limitation of our instrument.

However, the pre-exponential factor of this model compo-
nent increases. We believe that this may be due to the fact that
the excited-state electron transfer from *[Ru(bpy)3]

2+ to the
oxidized dye [Equation (10)] also contributes to this process.
This is reasonable, as quenching via photoinduced electron
transfer becomes evidently more likely to occur as the
concentration of the oxidized dye increases. The population of
excited states that we hypothesized to be mainly quenched by
oxygen retain a constant lifetime throughout the series. Finally,
the population of *[Ru(bpy)3]

2+ that naturally decays, under-
goes a noticeable decrease both in lifetime (from 520 to 400 ns)
and pre-exponential factor (from 0.62 to 0.20). This is, once
again, consistent with our model: the decrease of population
simply counterbalances the increasing population of excited
states that is quenched by the mechanism reported in
Equation (10).

To make sure that the energetics of the molecules involved
in the discussion made so far were actually appropriate for the
excited state electron transfer reported in Equation (10) to
occur, we recorded the cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) results of Ru(bpy)3(PF6)2 in acetonitrile
solution and the dyes LEG4/MKA253 adsorbed onto TiO2

substrates (Figure 6).
Ru(bpy)3(PF6)2 in solution exhibits one redox peak at 0.95 V

vs Ag/AgNO3 (1.51 V vs NHE).[51] The organic sensitizers LEG4
and MKA253 adsorbed onto TiO2 electrodes exhibit two distinct
oxidation peaks, respectively, at 0.50 V and 0.76 V for LEG4
(1.05 V and 1.32 V vs NHE), and at 0.30 V and 0.66 V for MKA253
(0.85 V and 1.22 V vs NHE), in agreement with the literature.,[30]
[52] It can be clearly seen from the electrochemical analysis that
any electron transfer from the ground state of [Ru(bpy)3](PF6)2
to the oxidized dye is energetically unfavorable due to the
more negative potential of the latter. The thermodynamic
driving force (� ΔG) for electron transfer (i. e. dye regeneration,
in this case) between Ru(bpy)3(PF6)2 and the oxidized dye can
be estimated from the redox potentials calculated from the
data reported in Figure 6, according to Equation (12):

� DGdye� RuðII=IIIÞ ¼ veDE ¼ ve½E1=2ðDþ=DÞ � E1=2ðRuIII=RuIIÞ� ð12Þ

where E1/2(RuIII/II) and E1/2(D
+/D) are the redox potentials of the

Ru(bpy)3(PF6)2 and the dye, respectively, ΔE is the potential
difference between the dye and the ruthenium complex, ν is
the number of electrons involved in the process, and e is the
elementary charge of the electron.[53] By applying equation 12
to the results obtained from the electrochemical study
displayed in Figure (6), leads to a ΔE= � 0.46 eV (� 44 kJmol� 1)
in the case of LEG4 and ΔE= � 0.66 eV (� 63 kJmol� 1) for
MKA253. Clearly, both energy barriers are thermodynamically
inaccessible at room temperature. However, the redox potential
of the ruthenium complex triplet excited-state (*[Ru(bpy)3]

2+

/[Ru(bpy)3]
3+; � 0.57 V vs NHE),[51] provides a substantial driving

force for the regeneration of both LEG4 and MKA253. Applying
the redox potential for the couple *Ru(II)/Ru(III) in equation 12
leads to a ΔE=1.62 eV (156 kJmol� 1) for the regeneration of

Figure 5. Lifetimes in nanoseconds (a) and weights of the pre-exponential
factors (b) of the decay components relative of the luminescence spectra of
[Ru(bpy)3]

2+ spin coated on mesoporous non-sensitized/sensitized ZrO2 (red
dots and squares) and TiO2 (blue dots, squares and diamonds) films. LEG4
concentration was calculated from the Beer-Lambert law using the
absorbance of the dye on the semiconductor substrates, the molar
extinction coefficient calculated in solution, and the thickness of the TiO2

and ZrO2 substrates (~500 nm). Excitation wavelength used=532 nm.
Emission intensity observed at λ =620 nm.
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LEG4 and ΔE=1.42 eV (137 kJmol� 1) for MKA253. These latter
values suggest that the processes is thermodynamically very
favorable and provide additional support to our previous
interpretation which attributed a relevant role to the excited
state electron transfer between *[Ru(bpy)3]

2+ and the oxidized
dye [Equation (10)].

If the aforementioned excited state electron transfer occurs,
it could be exploited as a regeneration pathway for the oxidized
dye molecules in DSSCs. Therefore, one would expect to be
able to fabricate functioning photovoltaic devices using [Ru
(bpy)3](PF6)2 as either redox mediator or hole-transporting
material (HTM) (Figure 7).

Consequently, we made and characterized ssDSSCs in which
[Ru(bpy)3](PF6)2 was used as HTM and the compounds LEG4 and
MKA253 as dyes (Figure S7). Table 1 collects the ssDSSCs
detailed photovoltaic parameter.

It is possible to notice that the fabricated solar cells are
actually working and exhibit a moderate power conversion
efficiency (η). This implies that the oxidized form of LEG4 is
being necessarily regenerated to its neutral state by electron
transfer, thus supporting our hypothesis of the mentioned

excited-state electron transfer mechanism. Consistently with
other studies, solar cells based on the dye MKA253 exhibit
higher photocurrent density (Jsc) but lower open-circuit voltage
(Voc) as compared to those based on LEG4.[30,54] The relatively
low Voc, in combination with a poor fill factor (FF) suggests that
the devices are most likely exposed to a high degree of charge-
carrier recombination loss. This is reasonable considering that
the oxidized HTM species, i.e [Ru(bpy)3]

3+, has a very positive
redox potential and can therefore act as efficient recombination
center. In addition, the significant spectra overlap between the
dyes and the [Ru(bpy)3]

2+ light absorption represents a
limitation. The superior performance of devices based on dye
MKA253 may be related to its broader absorption of the visible
spectrum (Figure S8).[30] The IPCE of the ssDSSCs based on the

Figure 6. CV (a) and DPV (b) traces of Ru(bpy)3(PF6)2 in acetonitrile solution
(blue solid lines) and the dyes LEG4 (black solid lines) and MKA253 (red solid
lines) adsorbed on TiO2 electrodes. All the observed oxidative waves are
reversible. Reference electrode Ag/AgNO3. The potential of the Fc+ /0 redox
couple was used as an internal standard (0.63 V vs NHE).

Figure 7. (a) Dye injection and dye regeneration mechanisms in a conven-
tional DSSC,31 and (b) in a hypothetical DSSC using [Ru(bpy)3](PF6)2 as redox
shuttle/HTM.

Table 1. Photovoltaic characteristics of DHSSCs employing Ru[(bpy)3](PF6)2
as HTM and LEG4/MKA253 as dyes.

Dye Jsc [mAcm� 2] Voc [mV] FF [%] η [%][a]

MKA253 4.39 680 42 1.2
LEG4 3.10 795 46 1.1
No Dye 0.033 625 50 0.01

[a] Under simulated 1 sun AM 1.5G illumination.
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dye MKA253 is reported in the Supporting Information (Fig-
ure S9). Furthermore, the contribution of direct excited-state
electron transfer from [Ru(bpy)3]

2+ into the CB of TiO2 was
assessed by fabricating devices with non-sensitized substrates
in which the HTM layer was spin coated onto bare TiO2. Such
solar cells displayed a maximum efficiency of 0.01%, excluding
any significant contribution to direct electron injection from *
[Ru(bpy)3]

2+ into the CB of TiO2 (Figure S10). We believe the
power-conversion efficiencies (η) reported in Table 1 to be
promising, providing a further support to the excited state
electron transfer mechanism we hypothesized, and pointing in
the direction of a potential new approach to dye regeneration
in DSSCs.

3. Conclusions

We have investigated the excited states dynamics of a film of
[Ru(bpy)3](PF6)2 in contact with non-sensitized and sensitized
(LEG4 dye) TiO2 and ZrO2 surfaces. The steady-state emission
measurements on TiO2 substrates sensitized with the dye LEG4
have shown remarkable quenching of the emission from *[Ru
(bpy)3]

2+. Time-resolved photoluminescence (TRPL) studies
performed on the non-sensitized and sensitized TiO2 and ZrO2

substrates, show a dynamic quenching mechanism. Data fitting
of the time-resolved profiles reveals the presence of a fast time
component, at the limit of our nanosecond detection possibil-
ities, which was present on the TiO2-based system. The fast time
component is absent when ZrO2 is employed. A detailed
analysis of the possible quenching pathways suggests that
electron transfer from the excited state of [Ru(bpy)3]

2+ to the
oxidized LEG4 dye could be the mechanism appearing as fast-
time component on the TiO2 samples. Cyclic voltammetry has
been employed to calculate the redox potential of [Ru(bpy)3]

2+

in solution and of the dyes LEG4 and MKA253 on TiO2. The
results show that electron transfer from the excited state of *
[Ru(bpy)3]

2+ to oxidized LEG4 or MKA253 would be energeti-
cally favorable (156, and 137 kJmol� 1, respectively), while the
electron transfer from its ground state results thermodynami-
cally unfavourable (� 44, and � 63 kJmol� 1). Finally, we tested
the hypothesis according to which if the aforementioned
electron transfer mechanism was taking place, it would have
been possible to fabricate functional solar cells based on Ru
(bpy)3(PF6)2 as either redox shuttle or hole-transporting material
(HTM). Fabricated ssDSSCs with LEG4 and MKA253 as dyes, and
Ru[(bpy)3](PF6)2 as HTM resulted in notable efficiencies of
around 1%. Although further research is needed in order to
provide direct spectroscopic evidence for the mentioned
excited state electron transfer, we have provided steady-state,
time-resolved, electrochemical and photovoltaic data that
support that hypothesis.

Experimental Section

General

Tris(2,2’-bipyridine)ruthenium(II) hexafluorophosphate was pur-
chased from Sigma-Aldrich and used without further purification.
The organic dyes LEG4 and MKA253 were provided by Dyenamo AB
and used as received. Glass substrates coated with a fluorine-doper
tin oxide (FTO) layer were purchased from Pilkington. TEC15 and
TEC8 were used for working electrodes and counter electrodes,
respectively.

Electrochemical Characterization

Electrochemical experiments were performed in a three-electrode
electrochemical cell with a platinum wire as counter electrode, Ag/
AgNO3 (10 mM/acetonitrile) as reference electrode, and an FTO
electrode with spin-coated mesoporous TiO2 (non-sensitized) as
working electrode for the cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) of Ru[(bpy)3](PF6)2 in solution. CVs and
DPVs of dyes MKA253 and LEG4 on TiO2 were performed using a
sensitized TiO2 working electrode. The supporting electrolyte used
was a 0.1 M (n-Bu)4NPF6/acetonitrile solution. The measurements
were performed using an Ivium Technologies vertex potentiostat.
Ferrocene (Fc) was used as internal standard and the redox
potentials reported considering Fc+ /Fc in acetonitrile solution to
be 0.63 eV vs NHE.

Steady-State Absorption and Emission Spectroscopy

UV-visible absorption spectra were recorded using a double-beam
UV-visible Cary 300 Spectrophotometer. Emission spectra were
recorded with a Cary Eclipse Fluorescence Spectrophotometer.
Details about sample preparation can be found in the sample
preparation section.

Time-Resolved Photoluminescence Spectroscopy

Time-resolved photoluminescence decay traces were recorded on a
home-built system including a NewWave Tempest Nd:YAG laser
operated at 532 nm (10 Hz, 5 mJ/pulse, FWHM=5 ns) as an
excitation source, DSO� X 2012 A oscilloscope from Agilent as the
digitizing component, Thorlabs PMTSS multialkali PMT module
(190–900 nm, 1.4 ns rise time) as a detector, and a Princeton
Instruments monochromator (blazed at 350 nm) to select detecting
wavelength. All optics and mirrors were acquired from Thorlabs.
The program was written in LabView 2014. Samples were excited at
532 nm (10 Hz repetition rate) at an incident angle of 45 degrees
relative to the laser pulse and 50 degrees relative to the detector.
In an average measurement, 500–600 shots were averaged to
collect a decay trace. The samples have been both excited and
measured from the HTM side (ruthenium film) in order to avoid
inner filter effects.

Sample Preparation for Steady-State and Time-Resolved
Spectroscopy

Microscope slides were used for these measurements instead of the
thicker Pilkington glasses with FTO in order to minimize light
scattering effects. Plain microscope slides (VWR) were cut into
substrates of 1.5×2.5 cm2 and cleaned in an ultrasonic bath for half
an hour with ethanol. A volume of 60 μl of colloidal TiO2 (Dyesol
18NR� T:ethanol=1 :3 w/w) or ZrO2 (Solaronix ZT-SP:ethanol=1 :3
w/w) was then spin coated (2000 rpm, 30 s) onto the clean glass
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substrates. The resulting substrates were sintered by a gradient
heating process: 180 °C for 10 min, 320 °C for 10 min, 400 °C for
10 min, 450 °C for half of an hour in air atmosphere. After cooling
to room temperature, 3 substrates were immersed into a dye-bath
solution (acetonitrile:t-butanol=1 :1 volume ratio, 10 ml solution
volume) with an appropriate concentration of either LEG4, or
MKA253, for 1 hour. The sensitized substrates were then rinsed with
ethanol and dried by air flow. For the substrates which included a
tris(2,2’-bipyridine)ruthenium(II) hexafluorophosphate film: 60 μl of
a 10 mM solution of the ruthenium complex in acetonitrile was spin
coated (2000 rpm, 30 s) on the non-sensitized/sensitized TiO2 or
ZrO2 substrates prepared on the microscope slides.

Film Thickness Characterization

Measurements of the thickness of TiO2 and ZrO2 layers were made
by means of a profilometer (Veeco Dektak 150).

Photovoltaic Devices Fabrication

Fluorine-doped SnO2 (TEC15) substrates were etched with Zn
powder and HCl (4 M) to form the desired electrode pattern. The
substrates were cleaned in an ultrasonic bath for half an hour with
the following solvents: deionized water, acetone and ethanol. A
compact layer of TiO2, intended to block the recombination current
at the FTO support, was prepared on cleaned FTO substrate by
spray pyrolysis. The solution used for the spray pyrolysis was
composed of 0.2 M Ti-isopropoxide and 2 M acetylacetone in
isopropanol and a 10-spray cycle was used as the standard
procedure. A colloidal TiO2 paste (Dyesol 18NR� T:ethanol=1 :3 w/
w) was spin coated (2000 rpm, 30 s) on the compact layer surface
and then sintered by a gradient heating process: 180 °C for 10 min,
320 °C for 10 min, 400 °C for 10 min, 450 °C for half of an hour
(Nabertherm Controller P320) in air atmosphere. After sintering, the
films were treated with 40 mM TiCl4 aqueous solution at 70 °C for
30 min. After rinsing with deionized water and ethanol, the films
were sintered again by following the previously mentioned
procedure. After cooling to 90 °C, the films were immersed into the
dye-bath solution (LEG4 or MKA253, 0.15 mM in acetonitrile:t-
butanol, 1 :1 vol. ratio) for 14 h. Subsequently, the films were rinsed
in ethanol and dried by an air flow. The sensitized TiO2 layer was
covered with a tris(2,2’-bipyridine)ruthenium(II) hexafluorophos-
phate solution by spin coating (2000 rpm, 30 s). The solution was
composed of 10 mM ruthenium complex, 200 mM 4-tert-butylpyr-
idine (TBP), and 20 mM LiTFSI in acetonitrile. Finally, a 200 nm thick
Ag (Sigma-Aldrich; �99.99% trace metals basis) contact layer was
deposited onto the dye-sensitized TiO2 layer by thermal evapo-
ration, in a vacuum chamber (Leica EM MED020) with a base
pressure of about 10� 5 mbar, in order to complete the device.

Photovoltaic Devices Characterization

Current-voltage (I-V) measurements were carried out with a Keithley
2400 source/meter and a Newport solar simulator (Model 91160);
the light intensity was calibrated using a certified reference solar
cell (Fraunhofer ISE), to an intensity of 1000 Wm� 2 (AM 1.5G
spectrum). The devices were placed inside a mask with an aperture
area of 0.126 cm2 during the measurements. Incident photo-to-
current conversion efficiency (IPCE) spectra were recorded by a
computer-controlled setup comprised of a xenon lamp (Spectral
Products ASB-XE-175), a monochromator (Spectral Products CM110)
and a Keithley multimeter (Model 2700), calibrated by a certified
reference solar cell (Fraunhofer ISE).
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