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Abstract

New dyes of the type [Ru(ll)(bdmpp)(dcbpy)X](PRwhere bdmpp is 2,6-bis(3,5-dimethiHpyrazoyl)pyridine, dcbpy is 2,2ipyri-
dine-4,4-dicarboxylic acid and X= CI~ (Ru—Cl) or NCS (Ru-NCS)) have been tested with success as molecular antennas in titania
nanocrystalline photoelectrochemical cells (DSSCs) and compared with the Gratzel's N3 photosensitizer, in modules fabricated using
a composite polymer solid-state electrolyte The solar cells made using the complex with the —NCS ligand have a significantly better
performance than those fabricated with the dye containing thdi@and. The comparison of their action spectra has revealed that the
Ru—NCS dye presents higher incident monochromatic photon-to-current conversion efficiency (IPCE) values. The Ru—-NCS cells produced
a short-circuit photocurrent as high as 4.3 mA<rand an open-circuit photovoltage of 584 mV, which led to an overall energy conversion
cell efficiency {;) as high as 1.64%, about three times higher than the corresponding efficiency obtained with Ru—Cl dye. On the basis
of the obtained results the energetic diagrams of the corresponding DSSCs were constructed. The observed differences are attributed tc
the contribution of the isothiocyanato group on the light absorption, on the redox properties and on the increase of the charge injection
efficiency. A gain in photovoltaic performance of the —\NCS containing dyes is also proposed through a reduction of the dark current of the
corresponding solid-state solar cells.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction These results raised the question as to why these two dyes
are the more efficient molecular antennas in nanocrystalline
The most efficient charge transfer sensitizers employed photoelectrochemical cells. In both cases, the fundamen-
so far for dye sensitized nanocrystalline %i®olar cells  tal idea was to use a chromophoric ligand with low-lying
(DSSCs) are polypyridyl-type complexes of ruthenium(ll) w*-orbitals (dcbpy or terpy) that possess —COOH anchor-
[1]. Ten years ago, the dyeissRu(NCS)(dcbpy) (N3) ing groups to firmly adsorb on the semiconductor surface,
has been synthesized and incorporated in a photoelectogether with another ligand (-NCS) that controls the redox
trochemical cell which reached a 10% (under AM 1.5 properties of the ground (HOMO) and excited (LUMO)
illumination) solar-to-electric conversion yiel@]. There- states of the dyes. Consequently, the two photosensitizers
after, only the Grétzel group has synthesized more thanshowed intense metal to ligand charge tranfer transitions
800 dyes, but no one was able to reach the outstanding(MLCT) extended into very low energies (almost near
performance of the N3 dyg]. Only recently, a black dye IR photoresponse). These transitions led to the creation
tris(isothiocyanato)-2/2"-terpyridyl-4,4,4"-tricarboxylate) ~ of long-lived excited states that had the driving force to
ruthenium(ll) was proved to exhibit similar photovoltaic quickly inject all their electrons into the TigOconduction
properties with the N3 dyg4]. band (a practical 100% quantum efficiency). Moreover, all
the parallel reactions that take place in a regenerative cell,
"+ Corresponding author. Tek+30-210-6503644; involving the sen_sitizer, were c_ertainly favored. That is,
fax: +30-210-6511766. the rate of reduction of the oxidized form of the dye from
E-mail addresspapi@chem.demokritos.gr (P. Falaras). the redox couple was increased, while the probability of
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Fig. 1. Molecular structure for the Ru—Cl and Ru-NCS complexes.

the excited electron to recombine before reaching the back
contact was diminished.

Trying to design molecular sensitizers for photoelec-
trochemical applications, our laboratory has synthesized a
new ruthenium complex [Ru(ll)(bdmpp)(dcbpy)Cl](PFe),
abbreviated Ru—Cl, and then —Cl has been replaced by the
less electronegative ligand, -N=C=S). That is, the complex
turned out to be [Ru(ll)(bdmpp)(dcbpy)(NCS)](PFs), ab-
breviated RU-NCS (the molecular structures of the dyes are
shown in Fig. 1). Both complexes contain atypical pyridine
group (dcbpy = 2,2'-bipyridine-4,4'-dicarboxylic acid) that
bearsacarboxylic acid functional moiety, which servesasin-
terlocking agent. The above dyes also possess apyrazolelig-
and [bdmpp = 2,6-bis(3,5-dimethyl-N-pyrazoyl)pyridine],
which can be considered as a terpyridine derivative, ex-
hibiting though significantly different electronic properties.
The terdentate binding nature and resulting strong chelate
effect of the latter ligand inhibits ligand loss that can take
place for analogous monodentate complexes. Additionally,
bdmpp typically occupies three meridional coordination
sites producing octahedral complexes that are not stereo-
chemically active [5]. The combination and co-existence
of mixed azo-aromatic ligands with well optimized *
energies, together with an appropriate ancillary ligand is
expected to extend the dyes light harvesting ability and tune
their redox properties [6].

In this paper, we present our results on the spectropho-
toelectrochemical properties of nanocrystalline TiO2 thin
films, successfully sensitized by the above mentioned
dye molecules. These photoanodes were incorporated in
solid-state solar cells, using a composite electrolyte consist-
ing of high-molecular mass polyethylene oxide (PEO) with
the addition of a “solid plasticizer” (commercia TiOy) in
the presence of the 17 /I3~ redox couple [7]. Such a com-
posite material is particularly attractive because it permits
excellent ionic mobility of the iodide/tri-iodide anionsin its
solid-state matrix [8]. The photoelectrochemical properties
of the new complexes are compared with those taken by
standard N3 dye in terms of the different chemical proper-
ties of the ligands attached to the central metal. The obtained
results confirm that -NCS ligand has a positive influence

on the light absorption and charge transfer properties of the
complex and hence in the photovoltaic performance of the
corresponding solar cells [9].

2. Experimental
2.1. Titania thin film electrodes

Opague, nanostructured TiO, films were prepared using
the doctor-blade technique on TEC15 conductive glass sub-
strates (purchased from Hartford Glass Co. Inc.). A viscous
paste was first prepared according the method described in
ref. [10] and the resulting dispersion was smeared by aglass
rod onto the TEC15 substrate. An adhesive tape strip on the
conductive glass determines the film thickness. The layer
was thermally treated at 450°C at a rate of 20°Cmin—1 for
30minin order to ensure good adhesion to the substrate and
electrical contact (sintering) between the nanoparticles. The
film thickness was typicaly 5um and uniform all over the
films' extension as evaluated by surface profilometry.

2.2. Chemical attachment of the dyes on the oxide
surface

The two bdmpp dyes were synthesized according the pre-
viously described procedures [11,12]. N3 dye (or Ru535)
was purchased from Solaronix. Dyes grafting on thetitanium
oxide was achieved by immersing the thin film electrodes
overnight in a 10*M alcohol solution of the complexes.
Noteworthy that a deep yellow brown color for the bdmpp
complexes (whilst a dark red color was appeared for N3
dye) was developed imminently after immersion, confirm-
ing the dyes attachment on the semiconductor surface. Any
dye in excess was eliminated by thoroughly washing and
thus, amonolayer coverage of the oxide surface was assured
[13].

2.3. PEO/TIQ/I~ /I3~ composite electrolyte

For the polymer electrolyte preparation, TiO, Degussa
P25 powder (about 9%, w/w) was first dispersed in CH3CN.
To this dispersion, the 17/13~ redox couple was incorpo-
rated. Then, polyethylene oxide (63%, w/w) was added un-
der continuous stirring. The final product was heated in or-
der to evaporate the solvent. DSC thermograms confirmed
the high amorphicity of the composite polymer electrolyte

[7].
2.4. Device assembly
Solid-state solar cells of lamellar structure were fabricated

by sandwiching the composite polymer electrolyte between
the derivati zed titania photoel ectrode (TEC15/TiO»/dye) and
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a (TEC15) counter electrode coated with a thin layer of
platinum to catalyze the iodide regeneration.

2.5. Characterization techniques

UV-Vis reflectance spectra of the modified films were ob-
tained with a Hitachi U-4001 spectrophotometer equipped
with an integrating sphere in order to avoid light scattering
effects. The experimental technique for measurements of the
incident monochromatic photon-to-current conversion effi-
ciency (IPCE), which is commonly used for measurements
on DSSC [14], consists of illuminating the cell with constant
bias light in combination with amonochromator, where 10%
of the exciting light intensity is modulated and the resulting
modulated photocurrent is detected by afrequency response
analyzer. Further details for the experimental set-up, one can
find in ref. [15].

Current-voltage (I-V) characteristics were obtained un-
der full sunlight illumination by connecting the cell to
a variable resistor together with a microampere meter in
series and a voltmeter in paralel. The sunlight illumi-
nation intensity was directly measured using a 28-0925
edling research radiometer—photometer operating in con-
junction with a 28-0982 silicon detector and a 28-0727
flat response filter. Dark |-V measurements were realized
by performing a cyclic voltamogram at a sweep rate of
20mV sl using an Autolab potentiostat (Eco Chemie)
operating in two-electrodes mode, controlled by a persona
compulter.

For al experiments, a batch of 10 cells was tested and a
mean value for the obtained results has been taken into ac-
count. Repeated measurements yielded reproducible values,
so that this statistical treatment provided a very representa-
tive outcome for our analysis.

333
3. Results and discussion
3.1. Electronic spectra of sensitized pi@€lectrodes

The eectronic spectra of the complexes Ru—Cl and
RU-NCS in solution (left Fig. 2a and b, respectively),
present a quasi-similar behavior with three absorption max-
ima of very high intensity (>20000M~1cm~1) in the visi-
ble attributed to metal-to-ligand charge transfer processes.
It is aso worth to mention the presence of an absorption
hump at about 570nm for both dyes. These MLCT tran-
sitions involve separate excitations from a d-orbital of the
metal to a w*-orbital of a ligand. Then, the excitation en-
ergy is rapidly channeled into the ligand having the lowest
w*-acceptor orbitals and is the one from which electron
injection into the conduction band takes place [16]. The
spectrum of RU-NCS is obviously blue-shifted compared
with N3 spectrum athough it presents significantly higher
absorbance extinction coefficients. The above dissimilarities
verify that the bdmpp ligand is involved in the MLCT tran-
sitions and that this ligand is a weaker acceptor than dcbpy.
Halide ions like —Cl are stronger o- and w-donors than the
—NCS ligands and someone would expect a blue shift in
the absorbance spectra of Ru-NCS dye in comparison with
Ru—Cl complex. However, one notices a dlight red-shift
(about 10nm) due to the extent of mr-back donation to the
isothiocyanato ligand from Ru(ll) center [2].

The absorbance spectra of the dye-sensitized TiO»
films (after subtraction of background absorption from the
TiO,/TEC15 aone) reveal that the modified e ectrodes
exhibit strong and broad absorption in the visible, cen-
tered at 463nm (right Fig. 2a and b, for Ru—~Cl/TiO and
Ru-NCS/TiO,, correspondingly). Besides their high in-
tensity, the spectra for the two photoelectrodes are almost
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Fig. 2. Left: absorbance spectra in acohol solution for the dyes Ru—Cl (a), Ru-NCS (b), and N3 (c), respectively. Right: absorption spectra of TiO»
obtained after modification with the dyes Ru—Cl (a) and Ru-NCS (b), and the corresponding spectrum of TiO, treated with N3 dye (c) is presented for

comparison.
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identical and cover a good part in the visible region, but
the spectrum of the second film sensitized by the second
dye also expands with a somewhat longer tail up to around
730nm. The dight change in the tail of the absorption spec-
tra shows that the low energy MLCT transition is very little
influenced by the presence of a#* low-lying orbitals ligand
like—NCS. This change is not observed in the solution prob-
ably because of the dependence of the spectra on the solvent
(a probable exchange of the anionic ligand with a neutral
solvent molecule may dlighly shift aMLCT band). The fact
that the absorbance spectra of the modified titania thin film
photoelectrodes are broader than the electronic spectra of
the dyes in methanol can be explained by alarge changein
the energy levels of HOMO and LUMO of the complexes.
This is probably due to the strong interaction between the
dye molecules and the TiO, substrate and confirms the
chemica binding of the sensitizers to the semiconductor
surface via the formation of an ester-like linkage between
the dye molecules and the hydroxylated titania surface [17].

3.2. Incident photon-to-current efficiency

Photocurrent action spectra obtained with the titania films
coated with monolayers of the Ru—Cl and Ru-NCS com-
plexesare shownin Fig. 3aand b, respectively, wherethein-
cident photon-to-current conversion efficiency is plotted asa
function of the incident wavelength. The data were obtained
under short-circuit conditions measured at ~10 photons
cm~2s~1 (intensity of dc illumination). IPCE represents the
percentage of incident photons that are converted to elec-
trons reaching the TEC15 conducting substrate at a certain
wavelength and is defined by the formula:

L(nAcm=2)
A(nm) x Py (W m—z))

IPCE().) = 1239 x ( (1)

1,0

0,9 -
0,8 -
0,7

0,6 -

IPCE

0,5 -]
0,4
034 °

0,2

0,1

0,0

T T T 1 T T T T T I T 1 T T T 1 T 1
400 420 440 460 480 500 520 540 560 580
wavelength (nm)

where 1, is the short-circuit photocurrent intensity, A the
wavelength, and P, isthe incident radiative flux [18].

Typical maximum IPCE values at the absorption maxi-
mums of Ru—Cl dye in solution are easily distinguished in
the action spectrum, around 30% at 400 and 440 nm, whilst
at 470 nm the IPCE value is 28%. The photocurrent gener-
ation threshold is at about 570 nm. On the contrary, the use
of the Ru-NCS dye clearly reveals a plateau, about 36%, in
the wavelength region between 400 and 480 nm (an IPCE
max of 38% was reached at 470 nm), while the IPCE is al-
most constant (about 22%) in the wavelength area from 480
to about 600 nm. The obtained values for the latter dye were
about 60% of the values attained with N3 dyein the samere-
gion, left Fig. 3c. Yet, the IPCE value for N3 dye at 470nm
was 62% and it wasincreased up to 65% after 480 nm. More-
over, a 35% photocurrent generation efficiency was retained
even at 600nm. The clear superiority of the N3 dye (neu-
tral molecule) with respect to the two new dyes can result
from aminimal dye loading attributed to the positive charg-
ing of these complexes (RU-NCS and Ru—Cl), which may
influence their interaction with the semiconductor surfacein
a harmful way, since the adsorbed species are expected to
show lateral Coulombic repulsion [4].

Still, the IPCE values found for all complexes seem rather
low when compared with others found in literature (for ex-
ample, see ref. [19]). In the light of the above postulation,
one can argue that the efficiency of collecting the injected
charge (pc) at the back contact is not 100%, especially when
using low intensity illumination. Fisher et al. [20] havefound
a dight variation of 1PCE of about 35%, when diverge the
incident photon current density over 5 orders of magni-
tude down to very low values in the range of 10'° photons
cm~2s~1, On the other hand, Trupke et a. [14] have ob-
served that p. decreases strongly at low absorbed photon
current densities <106 photons cm=2s~1 due to the loss

1,0

0.9 -]
0.8 -

0,7 -

0,6 4"\
5 054 °
e i
0.4 -
o,s-.
0,2_' — N3
i Ru-NCS
014 . Ru-ClI

0,0

T 1 T 1 T T T T T T T 1 T 1 T T T 1
400 420 440 460 480 500 520 540 560 580
wavelength (nm)

Fig. 3. Left: photocurrent action (IPCE) spectra of the TiO2/Ru-Cl dye (&), TiO2/Ru-NCS dye (b) DSSCs with illumination through the conductive
substrate together with the corresponding |PCE spectrum of N3 dye (c) for comparison. Right: APCE spectra of the TiO2/Ru—Cl dye (@), TiO2/Ru-NCS

dye (b), and TiO2/N3 dye (c) films.
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of photogenerated electrons via surface-state-mediated elec-
tron transfer into the electrolyte. Our group has studied the
influence of the incident photon flux between ~10'* and
106 photons cm~2s~1 on IPCE values [21] and also found
avariation of about 30%. Hence, one might state that mea-
suring the IPCE values of the complexes at 1014 photons
cm~2s71 results in an underestimation of the IPCE.

3.3. Electron transfer yield (APCE)

In order to rationalize al the findings observed from |PCE
measurements, the monochromatic current yield (IPCE) is
expressed in terms of light harvesting efficiency (LHE) (1),
the quantum yield of chargeinjection (¢in), that is, the prob-
ability that the excitation of an adsorbed dye molecule leads
to electron injection into the TiO, conduction band, and the
collection efficiency (pc), which is the probability that the
injected electron contributes to the current through the ex-
ternal circuit:

IPCE = LHE(A)ginj pc 2

The product of the electron injection yield and the charge
collection efficiency can be further expressed as an electron
transfer yield, ®e1(1) [2]:

$eT(A) = ¢inj Pc (3)

The electron transfer yield is also frequently expressed as
an absorbed photon-to-current conversion efficiency (APCE)
and thus can be cal culated from the following equation [22]:

IPCE()

4)
Taking into account the absorbance for the chemisorbed dye
molecules Abs (1) (right Fig. 2), one can obtain the fraction
of the incident light absorbed by each dye on every wave-
length, LHE (1) [2]:

LHE(A) = 1 — 10~Abs®) (5)

Using Eq. (4), the absorbed photon-to-current conversion
efficiency APCE can be easily calculated for every wave-
length and the spectra were plotted in right Fig. 3. Note that
the initial IPCE values were corrected for 15% reflection
and absorption losses of the conducting glass (3 mm thick),
serving as a support for the opague TiO; film. In Fig. 3, one
can see that, in the case of the new dyes, a large percent-
age of the absorbed photons are not converted to conduct-
ing electrons in the external circuit. The Ru—Cl dye loses
about the 60% of the absorbed photons in the region where
its light harvesting efficiency is high (400-500 nm). On the
other hand, the second Ru-NCS dye has around 45% losses
at the sameregion, whileit presentsaquasi plateau in there-
gion 500-600 nm. As for N3 dye, one can easily observe its
large ability (almost unity) in an extent wavelength area to
transfer al the excited electrons at the rear contact. The ob-
served differences in injection quantum yields (APCE) can

be ascribed either to differences in electron injection effi-
ciencies or in charge recombination dynamics (see Eg. (3)).
Even if dissimilarities in charge recombination kinetics will
be revealed in the following sections, we must admit that re-
combination cannot affect to a great extent the APCE values
at short-circuit. Then, one can assign the observed ABCE
behaviour to differences in charge injection efficiency the
latter being the only parameter that is wavelength depen-
dent [23]. Especially in the spectral domain where the light
harvesting efficiencies are equal, the observed superiority of
Ru-NCS against Ru—Cl dye results from differences more
likely in electron injection efficiencies (¢ip;) rather than in
charge collection efficiency (pc). One can assume that the
—NCS ligand coordinated into ruthenium forms longer-lived
excited states than —Cl ligand does, improving charge injec-
tion. Nevertheless, the new complexes contain bdmpp lig-
ands that already have relatively short-lived MLCT states
as the analogous terpy complexes [24]. Furthermore, direct
electron injection to the conduction band from a remote lig-
and [25], which contains w* low-lying orbitals (like -NCS)
might take place. Aggregation of the sensitizer molecules
can affect the injection quantum yield [26], but since the
absorption spectra on TiO; of all dyesis different than that
of the dyes in solution (e.g. aggregation takes place on the
surface), we cannot quantify, for al three types of DSSC,
the percentage of inactive dyesthat are unable to inject elec-
tronsin the conduction and relate it with the observed differ-
ences in APCE values. The coordination of a w* low-lying
orbitals ligand like -NCS to a metal complex can affect the
processes of intramolecular reorganization of excitation en-
ergy in different Franck—Condon states (by defining the en-
ergetics of singlet or triplet excited states [23]) in away that
additional states would effectively inject electronsin TiO;.

3.4. |-V characteristics of regenerative cells

Fig. 4 exhibits the current—voltage characteristics of the
dye-sensitized solar cells employing the composite polymer
electrolyte, measured under direct solar illumination (solar
irradiance was 656 W m—2). By using the Ru-Cl dye, the
solid-state photoel ectrochemical cell produced a continuous
short-circuit photocurrent (1s:) ashigh as 1.38 mA cm~2, and
an open-circuit photovoltage (Voc) of 491 mV, Fig. 4a. The
fill factor (FF) defined as:

FF— VoptLopt ©)
Voclsc

where Vopt and lopt are, respectively, voltage and current for

maximum power output, was calcul ated to be 0.46. The over-

all energy conversion efficiency (n) is defined as follows:

Pin

n

where Pj,, stands for the power of the incident illumination.
The cell showed clearly low performance with an overall
energy conversion efficiency of 0.48%.
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Fig. 4. Current-voltage characteristics under illumination of the
TiO2/Ru-Cl (@), Ru-NCS (b), and nanocrystalline solar cells using the
PEO/TiO, composite electrolyte, comparing with the standard complex
N3 (c). Area: 0.42cm?, solar irradiance: 65.6 MW cm~2.

However, significantly better performance was observed
using the RU-NCS dye, Fig. 4b. The corresponding val-
ues obtained under similar conditions were: a short-circuit
current density J¢ = 4.29mA cm~2, an open-circuit pho-
tovoltage Voc = 584mV, afill factor FF = 0.43, and fi-
nally an energy conversion efficiency n of 1.64%. As one
can see, the considerable increase of the overall efficiency is
due to the ~90mV difference in open-circuit photovoltage
between the two dyes but mainly it is credited at the about
three times rise of the short-circuit photocurrent. Still, the
above energy conversion efficiency is about the 40% of the
efficiency obtained with the standard N3 dye (n = 4.2%),
corresponding to the 60% of the short-circuit photocurrent
(I = 7.2mA cm~2), the 88% of the open-circuit photovolt-
age (Voc = 664 mV) and finally 74% of the corresponding
fill factor (FF = 0.58) obtained with N3 [8]. The relatively
poor values of fill factor, decreasing to a large extent the
overall energy conversion efficiency, are probably due to an
insufficient wetting of the photoel ectrode pores by the solid
electrolyte.

From the above results, one can end that the superior-
ity of the N3 dye with respect to the two new dyes mainly
results from a large increase of the short-circuit photocur-
rent, accounted for higher external quantum yields (IPCE).
Note that the short-circuit photocurrent is the overlap of the
IPCE action spectrum with the solar spectrum. The higher
values of IPCE are attributed to higher light harvesting effi-
ciencies and €lectron injection efficiencies (¢in;), especialy
in the (500-600 nm) wavelength region. This also explains
the differences between the two new dyes. One can admit
that the increase of the short-circuit photocurrent for the
Ru-NCS dye comparing with the Ru—Cl dye correspondsto
the higher APCE values of the former dye, especidly in the

500-600 nm region where the latter dye's efficiency is very
low (right Fig. 3).

The difference in V¢ (the photovoltage measured under
open-circuit conditions) for the three dyes can be consid-
ered as a strange result, if one takes into account the ex-
act concept of the photovoltage in dye-sensitized solar cells.
That is, the maximum photovoltage that one can obtain in a
DSSC doesn’t involve the dye ground and excited states and
is the change in the electrochemical potential of electrons
in the TiO2 from its value in the dark [27]. Hence, some-
one could state that all the dyes should provide an identical
photovoltage. However, one must take into consideration the
following equation, holding for Vqc [28]:

(2o (5

where misthe ideality factor whose value is between 1 and
2 for DSSC [29], | the short-circuit photocurrent, ig the
reverse saturation current (or dark current), and Rand F are
the ideal gas and Faraday’ s constant, respectively.

The obtained values of Vi for al three dyes are much
smaller than the maximum theoretical predicted values. Tak-
ing into consideration the Eqx of thel~/I3~ couple ~+0.2V
versus SCE [30] and the reported values of Eg, for TiO,
(—0.7V versus SCE) [31], the cells should furnish maxi-
mum photovoltage of about 900 mV. Even if the actual band
edge position may be somewhat different when in contact
with the solid redox electrolyte, the voltage decrease can
be only explained by taking into account charge recombi-
nation. From Eq. (8), one can deduce the main parameters
influencing the magnitude of V¢ values. These aspects will
be thoroughly discussed in the following section.

3.5. Effect of the applied voltage-dark current

Current—voltage curvesin the dark, Fig. 5, were obtained
by performing linear sweep cyclic voltammetry (CV) (the
scanrates = dV/dr remains constant) using atwo electrodes
arrangement in an electrochemical window from —0.0 to
—0.6 V. A rapid rise of the cathodic current can be identified
at about —250mV for al three complexes. The two curves,
involving Ru—Cl and Ru-NCS dyes (Fig. 5a and b), have
the same shape, whereas the —Cl replacement by —NCS in
the complex induces a shift of the curve to negative poten-
tials. The obvious reduction of dark current enhances the
open-circuit photovoltage of the second cell by about 90 mV.
In a regenerative solar cell, the dark current flowing in the
external circuit is usually originated from the reduction of
species present in the electrolyte [32]. Hence, the obtained
dark curves are mainly attributed to the following equilib-
rium reaction, i.e. charge recombination at the nanocrys-
talline/redox electrolyte interface [33]:

I3~ + 26~ — 31~ ()

In fact, the above reduction of triiodide by conduction band
electrons at the surface of the dye-sensitized TiO, photo-
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electrodes was found to make the major contribution to the
dark current during the cell operation [34] (electron injec-
tion from the partly exposed SnO,:F substrate to the triio-
dide through the porous TiO» layer is established to be a
trivia phenomenon [35]).

Such a presence of large values of dark current leads to
photovoltage losses (see Eq. (8)), and thus, minimization
of the overall efficiency of DSSCs. The reverse current’s
reduction may result from a displacement of the equilibrium
Eq. (9) to the left. Greijer Angrell et al. [36] have proposed
that a complex between iodine or triiodide and -NCS ligand
is formed during the cell operation and consequently this
side reaction would displace Eqg. (9) towards producing 13~
anions, and thus, it would minimize the opposite reaction
(dark current generation). In the case of N3 dye, which in
turn contains two —NCS ligands, the curve is shifted again
at negative potentials by about 80mV (Fig. 5c), confirming
the above assumption.

3.6. Recombination effects

In Fig. 4, one can see that, despite N3, there is no net
photocurrent plateau for Ru—Cl and Ru—NCS dyes close to
short-circuit (0, ~—0.18 V). Evenif subtracting the curvesin
the dark (Fig. 5) from these under illumination (Fig. 4), we
can state that there are still recombination centers decreasing
the predicted photocurrent plateau in the above region. Note
that the dark current is almost zero at this region. Despite
the effect of the high internal series (the magnitude of ohmic
drops are of the order of 100 cm~2 for al solid-state so-
lar cells, obtained from impedance measurements) and the
difference in fill factor values (about 23% larger in the case
of N3), the observed unusual behavior could be attributed to
the recombination reactions taking place when the injected

0,0
0,2
£
£ 04+
=1
o
—N3
26+ ---- Ru-NCS
------- Ru-Cl
-0’8 I ' I I I I

08 ' 07 06 ' 4;,5 ' -o|,4 ' -o|,3 ' -ol,z ' 01 ' 0,0 ' 0,1
Applied Potential vs. Pt/ V
Fig. 5. Cyclic voltammograms (CV) in the dark, for Ru~Cl (a), Ru-NCS

(b), and N3 (c) dyes, respectively, of the DSSCs using the redox polymer
electrolyte. Photoelectrode area: 0.3cm?, scan rate: 20mV s~ 2,

electron is trying to reach the rear contact:
Ru*™* — RU?t (10)

RU* + TiOx(e7) — Ru?t + TiO, (11)

Eq. (10) expresses the probability of the dye to decay to
the ground state after excitation and is directly correlated
with the opposite of charge injection efficiency (¢inj). On
the other hand, Eq. (11) illustrates the direct recombination
of the injected electron to the TiO, conduction band with
the hole left in the HOMO of the dye [37]. Unfortunately,
we are not experimentally able to identify which way of
recombination is the predominant. Concerning the first re-
action, Tachibana et a. [38] have concluded that the bias
dependence of the injection kinetics (even close Vqc) is un-
likely to play a key role in limiting the photocurrent gener-
ated from a DSSC. Note that the discussed region close to
short-circuit is related to very small negative applied poten-
tialsfar away from Vqc. Thus, we can assume that the recom-
bination of the conduction band electrons with the oxidized
dye, Eqg. (11) plays a significant role on the dynamics of
the TiO, solar cells sensitized by Ru—Cl and Ru-NCS dyes.
On the contrary, in the case of N3 dye solar cell (apparent
photocurrent plateau, Fig. 4c), the above reaction does not
seem to be significant, at least near the photocurrent plateau
region. This proves that the superiority of N3 dyeisin part
explained by the tuning of the charge recombination kinet-
ics of DSSCs. As aready stated by Rensmo et a. [39], the
positive charge density of the cation state of N3 dye is lo-
cated on the ruthenium and NCS moieties of the complex
(comprising the HOMO levels of the dye) and consequently
this state is kept away from the dcbpy ligand that anchors
at the TiO, surface, thus favoring a slow charge recombi-
nation with the semiconductor’ s conduction band el ectrons.
Yet, the two new dyes (Ru—Cl and Ru-NCS) do not present
significant differences regarding the discussed point. Some-
one could expect that the dye, containing the isothiocyanato
ligand, would present similar with N3 behavior. Thiswould
be the case if the NCS ligand made a contribution to the
HOMOs of the RU-NCS dye. This aspect will be further
discussed in the following section.

3.7. Construction of the energetic diagram of the DSSCs

The kinetics of all the reactions taking place in a DSSC
are dependent upon the energies of the dye excited/ground
state oxidation potentials in relation with the lower bound
of the semiconductor’s conduction band. Hence, the overall
energetic diagram was constructed (Fig. 6) by making the
following approximations: first, the sensitizer's energetics
are not too different whether it isin solution or adsorbed to
TiO, and second, the redox coupl€'s energetics are similar
whether the electrolyte is solid or liquid.

Cyclic voltammograms of the Ru—Cl and Ru-NCS com-
plexes showed well-defined reversible oxidation-reduction
waves, reveaing the values of the oxidation potentials for
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Fig. 6. Energy level diagram for DSSCs using different Ru-dyes.

the Ru**/Ru®t couple to be +0.810 and +0.795V ver-
sus Ag/AQCI, respectively. The oxidation potentials E°
(Rut/Ru3t) express the process of reduction of the ox-
idized dye by the 1~ ions, and thus, give straightforward
values for the HOMO energy levels of the two complexes
[39]. These were +0.763V for Ru—Cl dye and +0.748
versus SCE for the second Ru-NCS dye.

One may observethat the two oxidation potentials are less
positive than the corresponding potential of the standard N3
dye (+0.85V versus SCE, as seen from Table 1) due to the
presence of bdmpp ligand which is a stronger o-donor than
dcbpy, stabilizing the oxidized form of the Ru metal ion.
That is, the Ru(ll) — Ru(lll) process (metal oxidation re-
action) becomes more favorable for the two new complexes
than in the case of N3 dye. Still, the oxidation potentials for
the two new dyes are almost equal, although someone would
expect that the Ru-NCS complex would have amore positive
redox potentia due to the isothiocyanato ligand mr-acceptor
properties and corresponding w-donor properties of chloride

Table 1

HOMO-LUMO energies of Ru—Cl and Ru-NCS complexes and band
gap vaues obtained from calculations derived from cyclic voltammetry
measurements of the complexes in CH3CN and absorption properties of
the dyes adsorbed on TiO, substrate

Dye HOMO (V LUMO (V Band gap
vs. SCE) vs. SCE) (eV)

Ru-Cl +0.763 —0.987 1.75

Ru-NCS +0.748 —0.952 1.70

N3 +0.850 —0.750 1.60

Literature data for the N3 dye [27] are presented for comparison.

ligand. These ligands do not seem to have an important con-
tribution on the HOMOs of the complex. The above result
leads us to the conclusion that the positive charge is mainly
localized on the metal, thus favoring arapid charge recombi-
nation with the semiconductor’s conduction band electrons
(Eq. (112)).

The oxidation of the excited dyethrough el ectroninjection
into the conduction band of TiO, is described by the E°
(Ru?t*/Rudt) redox potential, given by Eq. (12):

Ru2+* Ru2+

EO (W) = EO <ﬁ> - AEO_O (12)
where AEg_g corresponds to the transition energy between
the lowest vibrational levelsin the ground and excited state
[28]. The 0—0 excitation energy of the dyes adsorbed on
TiO, is determined from the absorption threshold of their
lowest-energy MLCT bands (derived from the low energy
tail of the absorption spectrum, right Fig. 2). These thresh-
olds are about 710, 750, and 775nm for Ru—-Cl, Ru—-NCS,
and N3 dyes, respectively, corresponding to potentials of
+1.75 and +1.70, and 1.60¢€V, correspondingly. Thus, the
first reduction potentials of the Ru3*/Ru?t couple can be
obtained from Eq. (12), i.e. the first excited energy levels
of the dyes lie at —0.987, —0.902, and —0.750V for the
Ru—Cl, Ru-NCS, and N3 complexes, respectively (al the
data obtained are summarized in Table 1).

In Fig. 6, the conduction band potential of TiO; lies at
—0.7V vs. SCE [27,3]]. It is clear that electron injection
from the excited dyes molecules into the conduction band
of the semiconductor is thermodynamically possible, as the
driving force for charge displacement into the oxide is about
0.25-0.3 eV for the new dyes, whilst for N3 isonly 0.05eV.
The excited state of N3 dye matches better the lower bound
of the conduction band of the semiconductor than the LU-
MOs of the Ru—Cl and Ru-NCS complexes, thus minimiz-
ing the energetic losses during the electron transfer process.
The better overlap is believed to play a crucia role making
more favorable the electron injection [40]. Thisis supported
by the experimental results showing that the IPCE values
for N3 dye are higher than that obtained with the Ru—Cl and
Ru-NCS dyes, in agreement with the calculated electron in-
jection efficiencies (¢inj), Section 3.3.

Fig. 6 shows that the dye regeneration is also a thermo-
dynamically favourable process, as the redox potential of
I=/13~ redox couple lies at +0.2V versus SCE [30] (above
the HOMO energy levels of al three complexes). The re-
duction of dye cations is easier for the N3 complex, since
the larger driving force (distance between the D*/D and
I~/13~ potentia levels) leads to a better electron transfer
from the iodide ions. In the case of N3 dye, Nazeeruddin
et a. postulated that the isothiocyanato ligand might stabi-
lize the hole generated on the Ru-metal after having injected
an electron into the conduction band [41]. This assump-
tion was further supported by the fact that the outermost
orbitals of the complex might contain a significant amount
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of S3p-character from this ligand pointing in the direction
of the electrolyte, and thus facilitating the dye regeneration
[42].

4. Conclusions

An attempt was made to design and synthesize efficient
molecular sensitizers for regenerative nanocrystalline solar
cells. Our strategy to combine chromophoric ligands with
well optimized * energies together with appropriate ancil-
lary ligands led us to the synthesis of complexes exhibiting
interesting light harvesting properties with high extinction
coefficients. The performance of the new complexes was
significantly lower than that of the classical N3 dye due to
poorer |PCE values as well asto reduced | and Vo values.
This can be explained in terms of reduced injection efficien-
cies, less favorable energetics of ground/excited states, an
enhancement in the rate of the recombination of dye holes
with conduction band electrons (probably due to non signif-
icant involvement of the non-chromophoric ligands on the
frontier orbitals of the complexes), and an increase of the
dark current passing through the cell.

The replacement of only one non-chromophoric ligand
(—CI) by the isothiocyanato ligand led to a three times in-
crease of the overall energy conversion efficiency of the cor-
responding DSSCs. The —NCS ligand dightly altered the
spectral absorption of the complex and the energetics of
ground/excited states. The above increase resulted from a
large enhancement of IPCE and short-circuit photocurrent
(Isc) values, mainly attributed to better electron injection ef-
ficiencies. Moreover, the second dye exhibited superior Vqc
values (about 90 mV higher), dueto lower dark current mag-
nitude.

These results must be taken into account in the conception
and design of new strategy concerning the synthesis of ruthe-
nium complexes for DSSCs. The combination of only one
polypyridyl ligand (bidentate or tridentate) with low lying
w*-orbitals possessing carboxyl groups (for the anchoring
on TiO2 surface) together with a suitable number of isoth-
iocyanate ligands, could lead to high energy conversion ef-
ficiencies. Work in this direction is currently under progress
using novel azo-aromatic ligands recently developed in our
laboratory.
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