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Abstract

Resonance micro-Raman spectrophotoelectrochemistry combines spatial resolution, offering the ability to detect the vibration properties
of separate components in the dye nanocrystalline cell, with a dynamic control of the electrochemical interface via the applied potential. This
enables us to obtain new insights in the mechanism of photosensitization of large band-gap semiconductors, elucidate the interactions betweer
the semiconductor, dye and redox couple, detect the creation of new species and/or the existence of parasite reactions and finally permit the
optimization of the cell's performance. Our group was the first to study the dye chemisorption on nanocrystalline titanium dioxide thin films
using resonance micro-Raman spectroscopy. The investigation was extended to polarized dye-sensitized working photoelectrodes aiming at
elucidating the vibrational properties of the dye, especially in the aromatic region as well as those of the iodides in the range of the oxide vibra-
tion bands. Recent investigations revealed the presence of new vibration bands in the low wave number region, mainly at 112 grahts7 cm
the dependence of their intensity on the applied potential. In the present work, we confirm the general character of the phenomenon by using a
number of dyes with a variety of ligands. The vibrational properties of sensitized electrodes and corresponding cells realized with dyes recently
synthesized (containing PRbdmpp, dc-bpy, iph-terpy, phpa-terpy, Cand NCS ligands) are compared with photoelectrodes and cells using
commercial dyes (N3 and black-dye). We examine the influence of the dye, the redox couple, the electrolyte, the titania preparation technique

Abbreviationsdc-bpy, 2,2-bipyrine-4,4'-dicarboxylic acid; tc-terpy, 2,8',2"-terpyridine-4,4,4"-tricarboxylic acid; PP triphenyl phosphine; bdmpp, 2,6-
bis(3,5-dimethyIN-pyrazoyl) pyridine; iph-terpy, 2/%',2"-terpyridine-4-(4’-iodophenyl); phpa-terpy, 2,3’ ,2’-terpyridine-4-(4’-phenyl phosphonic acid)
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and the laser excitation line on the presence of these bands as well as on their behavior under anodic and cathodic bias. The nature of these ba
is discussed on the basis of the sensitization mechanism and this allows their attribution to new species formed during the cell’s operation.
© 2004 Elsevier B.V. All rights reserved.

Keywords:Raman spectrophotoelectrochemistry; Ru-dyes; Triiodide; Solar cells

1. Introduction photoelectrodes aiming at elucidating the dye—redox couple
interactions by studying the vibration properties of the dye,

Gratzel and co-workerfl,2], 12 years ago, discovered especially in the aromatic region as well as in the range of the
that dye-sensitized nanocrystalline solar cells (DSSC) could oxide vibration bandglL0]. Raman experiments on sensitized
convert visible light to electricity with efficiency as high as photoelectrodes under real photocurrent conditions revealed
10%. The development of these systems was based on théhe presence of new vibration bands in the low wave number
preparation of rough, high surface area titanium dioxide thin region, mainly at 112 and 167 cth and confirmed the de-
film electrodes, the synthesis of transition metal complexes pendence of their intensity on the applied potential. The first
presenting strong and broad metal to ligand charge trans-band was attributed to triiodide and the second to dye—redox
fer (MLCT) absorption bands in the visible part of the so- couple interaction (formation of “DI” specie§)1-13]
lar spectrum acting as efficient light capturing antennas, as However, some questions arise on the presence and the
well as the use of a redox couple in an appropriate medium behavior of the lines at 112 and 167ch are they still
[3]. In such a device, the dye is chemically adsorbed via an present when the iodide/triiodide redox couple is replaced
ester-like linkage on the semiconductor surface in the form by another electron donor (i.e. hydroquinone), do we expect
of a monolayer. Following visible light absorption, the dye a similar behavior in aqueous systems or organic media (i.e.
is excited by electron transfer from the highest occupied propylene carbonate), what is the effect of the polarization
molecular orbital (HOMO) orbital belonging to the Ru metal potential; is there any dependence on the titania substrate
to the LUMO orbital concentrated on one ligand. Photoex- or the laser wavelength, may we attribute the 167 tiRa-
citation is followed by very fast electron injection (in the man band to NCS§lor to electrolyte4 complex formation
femto second range) into the Ti@onduction band through  [15,16], and finally: what happens with other dyes that do
the semiconductor—dye connection. A redox couple in the not contain the thiocyanato ligand?
electrolyte is used for regenerating the oxidized form of the  Vibrational spectrophotoelectrochemistry permits a
adsorbed dye, acting as a charge mediator between the phodynamic Raman investigation and the follow-up of the sen-
toelectrode and the counter electrgdg sitization mechanism. The investigation of the photoelec-

The sensitization mechanism is well established, but trode/electrolyte interface is possible by direct observation
there is a lack of direct information indicative of interac- of the intensity variation of the main vibration bands dif-
tions between the redox couple and the sensitizer. The io-ferentiated by the applied potential (positive or negative).
dide/triiodide (I"/I37) system is the most widely used redox In the present work, we confirm the general character of
couple in both aqueous and non-aqueous media. Althoughthe phenomenon by using a number of dyes with a variety
a great number of papers have been published in the field,of ligands. We examine the influence of the dye, the redox
many of them concern the photosensitization mechanism, couple, the electrolyte, the titania preparation technique and
but only a few reports deal with the ll3~ couple[5-7]. the laser excitation line on the presence of these bands as
Optimization of the cell performance requires a continuous well as on their behavior under anodic and cathodic bias.
harmonic operation and excellent compatibility between its The nature of these bands is discussed on the basis of the
different elements (the redox couple included) as well as sensitization mechanism and this allows their attribution
complete elucidation of the reactions taking place near theto the iodide/dye interaction and to the formation of new
photoelectrode. species formed during the cell’'s operation.

Further development and practical issue on dye-sensitized
solar cells require new analytical tools giving informa-
tion on the photoelectrode—electrolyte interface. Resonance2. The choice of the dyes
Raman spectroscopy has an ample temporal and spatial reso-
lution to probe the vibrational properties of separate compo- The dye is the heart of the titania nanocrystalline solar
nents (by using the Raman microscope, one can focus on thecell. It has to accomplish a multifunctional role including
semiconductor, dye, or the electrolyte alternatively and the a number of different tasks: absorb the incident light; in-
corresponding interfaces) during the operation of the DSSC ject electrons into the semiconductor conduction band; react
device. Our group was the first to study the dye chemisorp- with the redox couple in order to be regenerated; block the
tion on nanocrystalline titanium dioxide thin films using res- TiOx/electrolyte interface to reduce the dark current. As a
onance micro-Raman spectroscdpyl]. The investigation result, the cell performance mainly depends on the choice
was recently extended to polarized dye-sensitized working of an efficient light capturing antenna, which usually con-
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sists of a Ru(ll) complex with nitrogen heterocyclic ligands doctor-blade Ti@ films present a high degree of surface
(having delocalisedr or aromatic ring system, i.e. diazo- complexity, confirmed by a value of fractal dimension as
or triazo-aromatic ligands and substituted analogues) bear-high as 2.41. Surface modification of the titanium oxide
ing functional anchoring groups (to ensure monomolecular was achieved following overnight immersion in¥M al-
chemical attachment). coholic solution of the complexg22]. Resonance Raman
An extremely large number of complexes (several hun- spectroscopy has successfully been used to characterize the
dreds) have been synthesized so far and proved to succesgyrafting of the six Ru(ll) dyes on the TiOelectrode sur-
fully sensitize titanium dioxide. Ruthenium 535 (or N3) and face. The Raman experiments were performed using two
ruthenium 620 (or “black-dye”) are among the most effi- different apparatus: an ISA Jobin—-Yvon—Horiba LABRAM
cient dye sensitizers. They are commercial products (Sola- Spectroscope with notch filter and excitation at 632.8 nm by
ronix), they contain bipyridyl or terpyridyl ligands and their He—Ne laser or 514.5 nm by Argon laser, and a Dilor Omars
common characteristic is that they both contain the isothio- 89 system with a charge coupled device (CCD) detection
cyanato (NCS) group. This ligand of low electronegativity = and an Argon laser allowing the use of three different lines,
is believed to participate with Ru to the HOMO and there- 457.9, 488 and 514.5 nm.
fore it plays an important role in the complex stabilization =~ The Raman spectra are able to offer structural information
and may facilitate the dye regeneration by the redox couple.on the oxide and sensitizer as well as the relevant changes
It is therefore expected to orient our investigation on these induced by the dye chemisorption on the semiconductor sur-
dyes. On the other side, two new complexes of the type face. Besides their great importance for efficient light har-
[Ru(bdmpp)(dc-bpy)X](PE) (where X= CI—, NCS™) were vesting, the existence of broad and intense MLCT bands
recently synthesized and successfully tested as moleculaiis at the origin of the resonance Raman effect observed
antennas in nanocrystalline TiGolar celld17,18]. The first on nanocrystalline titania solar cells. In fact, the technique
ligand, bdmpp [2,6-bis(3,5-dimethi-pyrazoyl)pyridine] makes use of the excitation close to the MLCT absorption
can be considered as a terpyridine derivative, exhibiting band maximaTable J of the dye and this situation results
significantly different electronic properties. The complexes in a charge transfer resonant contribution. The intensity of
differ slightly, as in the second complex, Cis replaced by  the corresponding vibration bands is significantly enhanced
—N=C=S and the investigation of their vibration properties (high resonant effect in the dye) and this permits to detect
permits to test directly the validity of the thiocyanato lig- the chemisorbed dye, presentin the form of just a monolayer
and exchange mechanism. To check the possible influenceon the titania electrode surface.
and/or interference of the other ligands on vibration prop- The obtained spectra of the sensitized photoelectrodes,
erties and especially to give emphasis on a possible rolereported orFig. 1a contain information for both the sensi-
of the functional groups which ensure the linkage to JiO tizers and the semiconductor substrate. The spectral features
two other complexes containing triphenyl phosphine and present in the 1300—1600 cthwave number region are the

substituted terpyridine ligands were also examined. fingerprints of the chemisorbed dyes. The Raman vibration
The list of the different dyes with corresponding ligands bands are broader than the corresponding bands of the dyes
used in the Raman study is presentediable 1 Five of them in the powder form or in solution (not shown here) and the

bear carboxylic acid anchoring moieties whereas the sixth amost important of them are summarizedlable 2 Besides
phosphonic acid one. These groups can serve as interlocksome differences in peak position and intensity, which per-
ing agents (the adsorption through a phosphonate group ismit to differentiate each sensitized electrode, they are typical
believed to offer a higher stability of the chemisorbed dye, of the pyridine ring and the major part of them is assigned to
especially in water and in a very broad pH ran@f9,20]. C—C or C-N main ring stretchings. Thus, very strong vibra-
The six dyes present the theoretical interest to contain a va-tion bands centered at 1032 and 1260¢r(C—H bending)
riety and combination of ligands and their co-existence is as well as at 1607, 1540, 1472 chin the C—C stretching
expected to differentiate the Raman spectra, leading to aregion were observed for Ru-Cl and Ru-NCS dyes. Never-
better understanding of the dye—redox couple interaction. theless, a detailed analysis and attribution of the different

Raman vibration bands in this range has been already made

[10,11,20] In addition, the spectral characteristics in the low
3. Resonance Raman on dye-monolayer s chemisorbed wave numbers allows us to check the titania structural mod-
on TiO electrodes ification. Thus anatase at: 14B§(vs)], 196 E4 (vww)] 396

[Big (8)] 517 [A1g, B1g (s)] cm ], 637 [Eg (vs)] cm 1 and

Rough, and fractal, high surface area nanostructuredalso rutile at: 448 Eg(w)], 616 [Arg(w)] cm™! titania Ra-

TiO, electrodes (um in thickness) were prepared by man vibration bands were observed. This is explained by the
doctor-blading the Degussa P25 titanium dioxide powder fact that the original material (Ti®Degussa P25) contains
[21] on TEC 15 conductive glass substrates (Hartford Glass both phases{75% anatase ang25% rutile). Furthermore,
Co. Inc., fluorine-doped SnQOglass with a sheet resistance the width of the strongest anatalSg Raman vibration band
of 15Q per square). Detailed analysis of the morphologi- allows the estimation of the size of Ti®anocrystallites at
cal characteristics performed by AFM has shown that the about 25nm, a value very close to that obtained from the
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Table 1
List of dyes with related ligands, corresponding MLCT maximum (nm) and molar extinction coefficient values (in parentheses) for the Ru(ll) dyes used
in the resonance Raman investigation

Dye Aromatic ligand Molecular structure MLCT maximum (neMcm)—1
HOOC COOH
Ru(dc-bpy}(NCS), (N3) dc-bpy / \ \ / 534 (14200)
—N N
COOH COOH COOH
Ru(tc-terpy)(NCS)3 (black dye) tc-terpy N 7 | 7 | 620 (6000)
/ AN X
N N N
Ru(PPhs)2(dc-bpy)Cl, (Ru-PPhz) PPhs 521 (3400)
[Ru(bdmpp)(dc-bpy)CI](PFs) (Ru-Cl) bdmpp 483 (21000)
[Ru(bdmpp)(dc-bpy)(NCS)](PFs) (Ru-NCS) iph-terpy 475 (23400)
[Ru(iph-terpy)(phpa-terpy)Cl, (Ru-terpy) phpa-terpy 490 (22000)

XRD patterns (estimated at 23 nm) or from the direct AFM
analysis (measured at 2025 nm). It must be mentioned that
the use of different laser excitations results in differences of
the Raman vibration bands, especially those associated with
dyes. The use of the red laser at 632.8 nm significantly de-
creases the ensemble of the vibration bands between 1000
and 1600cm~1 (not shown). On the contrary, the titanium
dioxide bands were not affected. This is an incontestable
proof that we have to deal with a resonance Raman effect.

4. Raman investigation in aqueous electrolytes
4.1. Open circuit potential conditions

Spectacular changes on the Raman vibration properties
occurred when the dye-coated titania photoel ectrodes were
immersed in an electrolytic solution containing the electron
donor under open circuit potential (OCP) conditions. Fig. 1b
presents the corresponding spectra obtained with the differ-
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Table 2

Main vibration Raman bands for dye complexes chemisorbed on nanocrystalline TiO, (Degussa P25) thin film electrodes, ex situ

Dye on TiO;

Raman vibration bands (cm~1)

Ru(dc-bpy)2(NCS)2 (N3 dye)

1610 (w), 1538 (vw), 1474 (s), 1385 (vw), 1263 (w), 1031 (s), 632 (vs), 511 (s), 389 (s),

193 (vvw), 139 (vvs)

Ru(tc-terpy)(NCS)3 (Ru620 or black dye)

1609 (s), 1537 (vs), 1445-14761 (s), 1280-1314 (w), 1020-1046 (w), 692 (w), 639 (s),

517 (s), 394(w), 309 (vw), 144 (vvs)

Ru(PPhg)2(dc-bpy)Cl2 (Ru-PPhs)

1610 (s), 1540 (vs), 1476 (s), 1436 (w), 1368 (w), 1262 (s), 1035 (w), 637 (s), 516 (),

398 (s), 199 vw), 148 (vvs)

[Ru(bdmpp)(dc-bpy)Cl](PFs) (Ru-Cl)

1604 (w), 1541 ((w), 1478 (s), 1432 (vw), 1270 (s), 1031 (5), 773 (S), 700 (s), 634 (vs),

514 (s), 396 (vS), 369 (vs), 198 (vww), 141 (ws)

[Ru(bdmpp)(dc-bpy)(NCS)](PFs) (Ru-NCS)

1602 (s), 1535 (s), 1471 (s), 1370 (w), 1267 (s), 1022 (s), 792 (s), 695 (W), 639 (s), 508

(9), 382 (), 141 (vvs)

Ru(iph-terpy)(phpa-terpy)Cl> (Ru-terpy)

1505 (vs), 1554 (s), 1523 (vs), 1466 (vs), 1350 (vs), 1289 (s), 1250 (s), 1157 (), 1086 (s),

1042 (s), 1016 (s), 831 (s), 667-679 (3), 513 (S), 448 (w), 393 (s), 317 (s), 145 (vvs)

s. Strong, vs: very strong, vvs. very very strong, w: weak, vw: very week, and vww: very very week.

ent dyes in 0.1M Kl 4 10~3M HCIOy4 agueous solution.
In al cases and independently of the dye, the main effect
of the presence of electrolyte is the appearance of two new
bandsin the range of low wave numbers, centered at 112 and

143 cm”
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Fig. 1. RR Spectra of dye-sensitized TiO, electrodes without electrolyte
(@) under open-circuit conditions in 0.1M KI + 10~3M HCIO, agueous
solution (b). Magnification concerns the spectrum range above 250cm=1.

167cm~1 respectively. The bands intensity is very strong
and indeed comparable with that of the main vibration peak
of the titania substrate (Ey anatase band at 143 cm~1). Inthis
domain (below 200 cm~1) no dye bands are expected. Some
changes were also observed on the nature of the Raman vi-
bration bands of the pyridine ligands (frequency shifts and
intensity variation), which proves that their electronic struc-
ture is affected. Thus, besides an important deformation in
the high wave number domain, we note the existence of an
additional weak peak (shoulder) at 1585cm—1, well distin-
guished from the 1600 cm~ vibration band. This peak will
be better separated under applied potential (see next para-

graph).
4.2. Polarization effects

It isgenerally approved that photon-assisted charge trans-
fer processes can be modulated by the potential applied to
the electrode, i.e. the charge transfer process is resonantly
excited when the applied potential and the laser excitation
energy can promote the electron (or hole transfer) process
from alocal density of donor states near the Fermi level to
the acceptor LUMO (or donor-HOMO) states of the adsor-
bate [23]. On the other hand, it has been demonstrated that
the vibration modes of different dye ligands are dependent
on the applied bias and can be selectively enhanced by al-
tering the electrode potential [10,20]. The purpose of using
the three-electrode configuration is to discriminate different
potential ranges (i.e. the direct current regime, the recom-
bination region and the photocurrent plateau) as a function
of the reaction kinetics. Thus, the introduction of the ref-
erence electrode inside the cell permits a dynamic control
of the photoelectrode/electrolyte interface (no interference
from species or reactions taking place at the counter elec-
trode), together with atracing of the corresponding cell cur-
rent. In this direction, it is interesting to see in details how
the value and sign of the applied potential might influence
the behavior of the Raman spectraand especially the appear-
ance, intensity and frequency of the new vibration bands,
observed at 112, 167 and 1585cm—1, respectively.



1412
N3

S | |
s -04V
2 p 167 cm’”
g 112¢cm
F
& .

4 +04V g

— T r 1 I T T T T T "~ 1T T "~ T 7
9 100 110 120 130 140 150 160 170 180 190

wavenumber (cm'1)

112 cm’
yyi

! ( 0)
N black
l ac dye x1 -04V
X10)

A -0.3V
_/‘/\\_ {x10
A (x10 04V

-0.2V

Raman Intensity (a.u.)

(x10) +0.2V
/
T T T T T T T 7/ T T T 1T T T T Tt
50 100 150 200 300 400 500 600 700 800 900 1000

wavenumber (cm'1)

T. Stergiopoulos et al./Coordination Chemistry Reviews 248 (2004) 1407-1420

Raman Intensity (a.u.)

T T T T T
1450 1500 1550 1600 1650

1400 1700
(@) wavenumber (cm’)
1585 cm”
|
black dye l
. -0.3V
3
X
[}
5
E +0.0V
M
T T T T T T T T T T T T T
1000 1100 1200 1300 1400 1500 1600 1700
(b) wavenumber (cm”)

Fig. 2. RR spectra of dye-sensitized TiO, electrodes polarized in 0.1M Kl + 10~3M HCIO4 agueous solution: low wave number range (left) pyridine

ring vibrations (right) N3 (a) black dye (b).

The Raman spectra of the nanocrystalline titania elec-
trodes sensitized with four different dyes (N3, black dye,
Ru-PPhz and Ru-terpy) polarized in athree el ectrode el ectro-
chemical cell containing 0.1M Kl + 10~3M HCIO4 aque-
ous solution (Ref: SCE, CE: Pt), are given in Figs. 2 and 3.
Very interesting phenomena were observed in the lower part
of the Raman spectra (wave numbers below 200cm™1). In
fact, the two new “satellite” peaks centered respectively at
112 and 167 cm~1 are generally present. The stability and
reversibility of these bands were checked by performing a
series of Raman experimentswith consecutive steps of 0.1V
in both the anodic and cathodic range, at increasing and
decreasing potentials. The use of different laser lines: red
(632.8nm), green (514.5nm) and blue (488 nm) does not
induce changes in the frequency of the new Raman bands.
However, in this case different resonant profiles were ob-
served. The 112 cm~1 vibration is enhanced in the blue. This
means that the origin of the bands is not the same. In ad-
dition, it appears that the lower satellite is very stable; the
112cm~1 band is affected only at very cathodic potentials
and disappears at about —0.9V versus SCE, Fig. 3a. On the
contrary, the higher satellite (the 167 cm~1 band) is stable
only in conditions of photocurrent generation.

The 1585cm~1 Raman vibration peak (shoulder) seems
to emerge from (and against) the 1600 cm~1 main vibration
group and has a behavior similar to that of the 167 cm—1
band: it iswell distinguished at potentials more positive than
—0.3V approximately and its intensity dightly increases
with the increase of the applied bias. In paralld, the relative
intensities of the vibrations in the 1400-1600cm~1 range
are seriously affected. Their intensity generally increases,
when the polarization potential decreases and thisisthe sign
of a severe deformation of the pyridine network. Besides
the excellent reversibility of the whole process, it must be
stressed that the presence and intensity of these supplemen-
tary bands can be easily controlled by properly tuning the
applied potential.

4.2.1. Influence of the dye

In the aqueous solution containing 0.1M KI + 10~3M
HCIQOy4, the same behavior concerning the three new peaks
was observed with the totality of the six dyes tested. It
was thus confirmed that the presence, appearance or dis-
appearance and potential dependence of the 112, 167, and
1585 cm~—1 bands and therefore their general conduct do not
depend on the nature of the dye selected. However, it must be
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Fig. 3. RR spectra of dye-sensitized TiO, electrodes polarized in 0.1M K| + 10~3M HCIO, agueous solution: low wave number range (left) pyridine

ring vibrations (right) Ru-PPhz (a) Ru-terpy (b).

mentioned that no additional peak existed when Pyrogallol
Red (a non-pyridyl bearing dye) was used as the sensitizer
[11], although normal cell operation and high photocurrents
were obtained. The six dyes are characterized by ajudicious
combination of different ligands (mainly polypyridine). As
a conseguence, in any case the new Raman peaks can be at
least related to bpy or terpy ligands. On the contrary, it must
be noticed that the dyes are chemically adsorbed on TiO, via
an ester-like linkage formed between the functional groups
of the polypyridine ligands and the hydroxyl moieties (-OH)
present on the semiconductor surface [22]. The three new
bands are not differentiated with the use of dyes bearing
different interlocking agents (—COOH, —POsH>). This ex-
cludes the possibility of direct or indirect contribution from
the functional anchoring groups of the dye. On the other
hand, the fact that a very similar behavior was observed with
dyes endowed with and mainly with dyes not having NCS™
ligands (Fig. 3aand b) aswell as even with dyes of compara-
ble molecular structure indicates that no one of these bands
can be associated with the presence of thiocyanate ligands
on the sengitizer. Moreover, it is very important to clarify if
these supplementary Raman bands are or not related to the
presence of the dye. Fig. 4a shows the corresponding Raman

spectra of the non-sensitized titania electrode in the aqueous
electrolyte (0.1 M KI 4+ 103 M HCIQg), under polarization.
The mgjor difference isthe characteristic absence of the 167
and 1585cm~1 (not shown) Raman peaks, which indicates
that the above peaks exist only in the presence of the dye.
On the contrary, the 112cm~1 band is always present and
dlightly increases with the cathodic potential.

4.2.2. The semiconductor substrate

To eliminate the possibility of the influence of the semi-
conductor nature or the preparation method on the ob-
served phenomena, we used three different types of porous
nanocrystalline TiO, electrodes:. titanium dioxide Degussa
P25 (previous study, 70% anatase-30% rutile), commercial
TiO; paste from Solaronix (Ti—Nanoxide T, 100% anatase)
and also TiO, sol—gel thin films [21]. No supplementary
peaks (besides those at 112, 167 and 1585cm~1) were ob-
served and the results were perfectly reproduced in terms of
frequency and potential dependence of the three new bands.
It is then clear that the presence and behavior of the above
peaks does not depend on the preparation method of the
titania thin film electrode. Furthermore, it is important to
notice that the choice of the semiconductor does not modify
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the above behavior. In fact, very recent studies realized on
solar cells using dye-sensitized tin oxide (SnO,) €electrodes
confirmed the presence and potential dependence of the
additional vibration bands [24].

4.2.3. The role of the electron donor: dye—redox couple
interaction

Therole of the redox couple in adye-sensitized solar cell
is preponderant. The iodide ions function to reduce the oxi-
dized dye after electron injection and then they transport the
“hole” to the cathode. In the recombination region, the first
reaction practically does not take place as Ru(lll) recom-
bines with the photoinjected electron. The intensity of the
new Raman spectral features depends on the electron donor
amount in the KI agueous solution, and increases by increas-
ing the iodide concentration from 0.01 to 1M [10]. On the
other hand, the above analysis confirms without any doubt
that the 167 and 1585 cm™1 peaks can be associated with the
dye, whereas the 112 cm~1 peak is linked to the electrolyte.
The direct involvement of the iodide anions was proved
when the electron donor K1 was replaced by KCI, asimple

salt and non-redox active electrolyte. In that case (without
any electron donor) it was impossible to detect a photocur-
rent, no supplementary vibration bands were observed and
the obtained Raman spectra, Fig. 4b, were very similar to
those obtained ex situ on the modified dye/TiO» electrodes.

Furthermore, when hydroquinone (HQ) is used at the
place of Kl as the electron donor in a perchloric acid so-
lution, while the recording of photocurrent shows that the
sensitization mechanism is functioning and that the elec-
trode photocurrent isin phase with the laser illumination, the
three bands are completely absent and no additional feature
become visible in the whole Raman spectrum. In the con-
trary, when 0.1 M Lil replaced Kl, the three Raman bands
were present and their behavior did not change. The addi-
tion of iodine (I2) in the KI or the Lil electrolyte does not
dramatically change the above behavior. In this case, the
same additional peaks appear with enhanced intensities. In
conclusion, the new bands appearance seemsto be in direct
relation with the presence of the electron donor and espe-
cialy the iodide/triodide species in the electrolyte. The first
one (112 cm~1) is independent on the dye but the other two
(167 and 1585cm1) involve the presence of both the dye
and iodide-triiodide and probably their interaction. Further-
more, although the bands are associated with the presence of
the iodide, the frequency of the additional Raman features
does not depend on the iodide concentration.

5. Resonance Raman in real cells
5.1. Investigation in organic medium

The nature of the electrolyte (liquid, semi-solid, solid)
strongly affects the ionic mobility and conductivity and has
a strong influence on the overall cell’s efficiency (photocur-
rent and photovoltage), stability and lifetime. In the case
of the agueous electrolyte our results demonstrated that the
formation of the new Raman bands is drastically corre-
lated to the presence of iodide/triodide species present at the
dye/electrolyte interface. It presents big interest to check if
they are dependent (or independent) on the nature of elec-
trolyte: agueous or organic, liquid or solid. On the other
hand in order to improve and optimize the performance of
the dye-sensitized solar cellsit is very important to confirm
our resultsin real cells. Thus, the Raman experiments were
performed in cells using an organic solvent—propylene car-
bonate (PC) containing the | /I3~ (0.1M Lil 4+ 0.01M I5)
redox couple. The counter-electrode is a SnO, transparent
conductive glass onto which a very small platinum layer
is deposited to give a catalytic effect and lower the elec-
tron donor reduction overpotential. The electrolyte is in-
troduced between the two electrodes. A spacer (thickness
about 50 wm) is placed between the two electrodes to avoid
short-circuiting and ensure the thickness of the electrolyte.
The studied system is therefore: SnO:F/TiO, + dye/PC
+ 0.1M Lil + 0.01M I,/Pt/SnO;:F.
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Fig. 5a presents the recorded Raman spectra under open
circuit conditionsfor three different dyes: N3, black-dye, and
Ru-NCS. In the low wave number range, the new “satellite”
vibration bands at 112 and 167 cm~1 are still present.

In addition, a more careful analysis for the Ru-Cl dye
shows the first overtones (of weak intensity) of these bands,
which appear also, at ~221, and 330cm™1, Fig. 5b.

The corresponding overtone of the 143cm~1 anatase vi-
bration appears aso at 293cm~1. In the range of pyridine
vibrations, the main difference is the complete absence of
the 1585 cm~! band. Besides some additional features com-
ing from the solvent (propylene carbonate), other noticeable
differences were not observed.

Anodic or cathodic cell polarization does not affect the
vibration frequencies of the new bands, Fig. 6. The rela-
tive peak intensity in the aromatic and azo-aromatic domain
depends on the applied bias. As an example, a reversible
behavior of the band at 1540 cm~1 was observed, as its in-

tensity increases by increasing the cathodic potential and
decreases in the anodic domain [12]. The most important
features were observed in the wave numbers range below
200cm~L. For the black dye, Fig. 6b, the intensity of the
112cm~1 band is independent on the anodic potential but
strongly dependent on the cathodic potential. It starts to de-
crease when the potential is below —0.3V. In the photocur-
rent plateau range, the intensity of 167 cm~1 band increases
and seems to reach a max between 0.2 and +0.3V. When
the potential decreases, the peak at 167 cm~! progressively
diminishes and disappears first, at about —0.3 V.

The intensity of both bands depends on Lil (iodine) con-
tent in the electrolyte and considerably increases with the
increase of the eectrolyte concentration, as it is shown in
Fig. 7 for a cell using the N3 dye. The same phenomenon
was observed with a number of other dyes and the presence
of thetwo satellite peaksisdrastically correlated to the exis-
tence of species at the dye—electrolyte interface originating
from reactions between the dye and the redox couple.

5.2. Study in a solid-state electrolyte

In order to overcome solvent evaporation and sealing
problems encountered with liquid electrolytes, which di-
rectly affect their stability and long-term operation, many
efforts have been made to develop photoelectrochemical
cells using solid matrices containing the iodide-triiodide
redox couple. Recently, we reported on the assembling of
solid-state dye-sensitized solar cells using a polymer com-
posite electrolyte with an inorganic oxide as the filler, in the
presence of the 1~/13~ redox couple [25]. In this study, we
also used in situ resonance Raman spectroscopy to get infor-
mation about the photoel ectrode/solid electrolyte interface.

The new solvent-free composite polymer electrolyte con-
sists of high-molecular mass poly(ethylene) oxide (PEO)
filled with titanium oxide (TiO, Degussa P25) and contain-
ing Lil and I,. The polymer chains separated by the titania
particles are arranged in a three-dimensional, mechani-
caly stable network, that creates free space and voids into
which the iodide/triodide anions can easily migrate. The
dye-modified electrodes were incorporated in a solid-state
dye-sensitized solar cell using the composite electrolyte. A
series of Raman spectra obtained with cells using the N3
and Ru-Cl dyes under polarization, is shown in Fig. 8. The
two strong satellites in the low wave number range, at 112
and 167 cm~1 respectively, are still present.

The 167cm~1 vibration band is very sensitive to the
applied potentia. Its intensity progressively decreases and
disappears at —0.9V. The other band centered at 112cm™—1
seems to be less sensitive as it considerably decreases only
at very low negative potentials, at about —0.9V. It is worth
mentioning that the relative bands intensity seems to de-
pend on the dye selected. On the other hand, looking at the
1300-1600cm~1 range, one could observe a net deforma-
tion, which consists of a decrease of the pyridine bands in-
tensity under anodic bias. However, the 1585cm~1 pesk is
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a function of the redox couple concentration.

absent and cannot be observed with any dye. In conclusion,
one could postulate that in general the Raman behaviour is
independent on the cell’s configuration, liquid, or solid.

6. Attribution of the new Raman peaks

Some other groups have also attempted to investigate
the vibrational properties of the dye and the sensitized
electrode—€lectrolyte interface. To explain the degradation
phenomena that limit the stability and lifetime of the cell,
a mechanism of thiocyanato ligand exchange has been
proposed [14]. By resonance Raman scattering they ob-
served a weak supplementary vibration line at 165cm—1
and attributed it to a ligand exchange reaction involving the
formation of a complex (I2SCN™) between the thiocyanato
ligands (SCN™) and iodine (l2). However, very recently,
they concluded that 1,SCN~ is formed only to a small ex-
tend and that triiodide was found to exchange the SCN™
of the dye [15]. Lavrencic Stangar et a. [16] recorded
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the resonance Raman spectra in a DSC using a sol—gel
(solid) electrolyte containing the |=/I3~ redox couple,
which was based on organosilane consisting of chemically
bonded poly(ethylene glycol) to triethoxysilane endcapping
groups. They observed RR bands at 111 and 166cm—1
and attributed them to the formation of 13~ species and
iodine-solid—€electrolyte complex respectively. The assign-
ment of the 166cm~1 band to the symmetric stretching of
the iodine-ICS-PPG complex [v1(I-1)ics—ppc] is not well
supported and seems to be arbitrary. It must be pointed out
that both papers were mainly centered on the cell stabil-
ity and the understanding of degradation mechanisms that
limit the lifetime of the cell. Although the dependence of
the Raman spectra on the polarization was unambiguously
established, the authors studied the DSSC at open circuit
(ocp) and short circuit (sc) conditions only. They both used
the same dye (N719 or N3) containing the thiocyanate
ligand (NCS™) under conditions that are far from being
ideal: in hostile electrolytes where important degradation
occurs or where the long-term operation of the cell is
problematic.

The detailed investigation of the 112 and 167 cm~1 bands
under polarization in both agueous and non-agueous media
has shown that these bands have different resonance profiles.
Therefore, they can not originate from the same species.
The lower wave number band (112cm~—1) was well iden-
tified in charge transfer complexes as in solid compounds
[11,14,16,31,32] and can be unambiguously assigned to the
v1 Symmetric stretching vibration of the I3~ moiety. On the
contrary, the proposed assignment of the 167cm~1 band
to the formation of a complex between triiodide and thio-
cyanate ligand cannot be accepted, as it appears aso with
dyeswhich do not have SCN ligands. In addition, its attribu-
tion to an lo—solid electrolyte complex must be excluded, as
the band was observed in a number of different electrolytes,
both liquid and solid.

The correct assignment of the 167cm™1 satellite in
photo—electrochemical systems was not given up to now,
probably because the universal character of this band was
not enough taken into account. The simultaneous pres-
ence of I~ and |, moieties in the electrolyte gives rise to
the formation of polyiodide anions such as 13~ and 15~
[33]. The presence of the 167cm~1 band in the region
(100200 cm~—1) where the Raman active modes of polyio-
dides are found in literature, indicates that this band is
probably related to the |- vibration. A similar band was
observed in the iodine—pyridine charge transfer complexes
in solution and assigned to an intermolecular vibration in-
volving iodine and dye [26]. Working on a large number
of polyiodides and neutral 1>-adducts with donors, Deplano
et a. [27] have shown that these adducts are associated with
the appearance of the vj— vibrations in the 140-180cm—1
range . Following this description, the 13~ ion can exist as
areal entity (bond order ~0.5, symmetrical I-1- stretching
a 110cm—1) orasan|~. | adduct (for a0.8 I, bond order
apeak at 167 cm1 assigned to |-I stretching is observed.
A band around 167 cm~! was also detected in alarge num-
ber of pentaiodide complexes, containing Is~ in a linear
configuration [28-30].

The dye regeneration occurs following interaction with
iodide

2DT 4317 — 2D + I3~ (1)

and then I3~ travel to the counter electrode to catch an
electron and get reduced back. In parallel, the formation of
an intermediate complex involving an electrostatic binding
of D* with I3~ is possible

D* +137 — [DT]l5~ )

In this case, the triiodideis attached to the whole complex
by electrostatic (coulomb) forces. Therefore, modifications
resulting in the stretching mode of the iodine would be de-
tectable in Raman. But what kind of electrostatic attachment
can occur between the dye and the polyiodides?

Recently, a series of [Cr(I11)(L)2(NCS)2]X complexes,
where L is2,2'-bipyrine (bpy) or 4,4'-dimethyl-2,2'-bipyrine
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(I37)-

(dmp) and X~ isl—, I3~ have been prepared for study as sur-
rogates for photo-oxidized “N3*" dye[34]. X-ray structural
determination of the above bpy complex as the I3~ salt, in-
dicated a charge transfer interaction between the one of the
bpy ligands and one of the terminal iodine atoms of the an-
ion. Following these authors such an interaction potentially
could be involved in the unique function of the | ~/l13~ cou-
ple in the cell. The I3~ anion sits near and above the plane
of the pyridine ligands. The closest carbon atom of the bpy
ring sits 3.711A from the terminal iodine ions. Milne [35]
studied the HI-l2 system in aqueous sol utions and observed
extra spectral features at about 172cm~1. They attributed it
to the 1- stretch of the [H™]I3™ ion-pairs. A similar band at
170cm~1 was observed in different solutions of triiodides
with R3S™ cations and assigned to the I, v1 mode [36,37].

The presence of the 167 cm~1 vibration band gives aclear
indication of a significant charge transfer from the I3~ into
the nearest pyridine moiety and may correspond to a sim-
ilar charge transfer interaction during the formation of a
I37—Ru(l11) complex. In fact, the pyridine rings chelated to
the metal have poor m-electron density since the N atom
(Ru-bonded) disposes a positive charge that attractsthe elec-

trons of the ring. Since the dye is positively charged (D)
the electron density of the pyridine ring is even smaller this
time. Then, polyiodides can easily offer their electrons to
the pyridine ring forming a charge transfer complex, Fig. 9.

The use of the Raman microscope gives us the possibility
of the spatial resolution—distribution of the new species. The
results show that these species created during the cell oper-
ation are mainly localized on the photoel ectrode and not on
the counter electrode. Moreover, the performances of con-
focality permitted the study of species distribution on the
photoelectrode. By focusing the laser either on the inner part
of the interface (TiO» side) or on the outer part (electrolyte
side), the difference in the 112 and 167 cm~1 band intensi-
ties shows that the DI is inner and covered by triiodide on
the electrolyte side [11]. The proposed model is in excel-
lent agreement with the observed behavior of the 167 cm—1
band in the recombination and direct current ranges. That
is, at negative potentials, the disappearance of the 167 cm—1
band is due to the non-availability of the D™ speciesto form
the [DT]I3~ complex. On the contrary, when the electrode
is positively polarized we assist on the increase of the peak
at 165cm~1, asthe DT species production is enhanced. Ad-
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ditionally, positive charging of the electrode surface attracts
any anionic species (I37) at the interface dye—electrolyte.
Hence the formation of [D*]I3~ pairs increases.

The observed potential dependence of the intensity of the
1400-1600cm~1 range (increase in the cathodic and de-
crease in the anodic domain), as well as the appearance and
behavior of the 1585cm~1 band in the aqueous electrolyte
(very similar to that of the 167 cm~1) clearly support the
proposed formation of [DT]I3~ complex. In fact, such an
interaction would influence not only the triiodide vibration
Raman bands (167 cm~1) but also the pyridine ones. Tak-
ing into account the ionic character of these intermediates,
it is expected that the [DF]I13~ species are better stabilized
in an acidic medium than in the organic solvent [35]. There-
fore, the 1585cm~1 peak corresponds to a deformation vi-
bration of the w7 C-C stretching vibration, usually present
at 1600cm~1 in the original dye molecule. Such a defor-
mation may result from the adjacency and direct interaction
between the dye pyridines and the I3~ species.

7. Conclusions

Rough, high surface area nanocrystaline TiO» films
were successfully sensitized by light harvesting molec-
ular antennas consisting of Ru(ll) complexes with bpy,
terpy and bdmpp ligands, bearing functional anchoring
groups (—COOH, —PO3H>). In situ characterization of the
dye-€electrolyte interface by resonance Raman spectroscopy
confirmed the presence of new species resulting from the
triiodide species and more important, from a direct interac-
tion between the dye and the |~—I3~ redox couple.

New Raman bands were observed at 112 and 167 cm~1
in the low wave number region, together with a deformation
of the pyridine framework. An additional vibration appears
also at 1585cm—1 in acidic agueous electrolytes. The phe-
nomenon is common to al dyes containing azoaromatic
ligands (mainly bpy and/or terpy). The presence of the
peaks does not depend neither on the preparation and nature
of the semiconductor, but there are related to the simul-
taneous presence of iodide in the electrolyte and pyridine
(azo-aromatic) moieties on the dye ligands. The 112cm™1
band is relatively stable in the photocurrent plateau and the
recombination range. It disappears only at very cathodic
polarization. The band is assigned to the v4 vibration of the
I3~ moiety. The 167 cm~1 vibration band appears in condi-
tions of photocurrent generation and its intensity is strongly
dependent on the potential. It is stable in the photocurrent
plateau and disappears in the cathodic range. The same phe-
nomenon was observed in a large number of different dyes
bearing bipyridine or/and terpyridine ligands, in presence
of triiodides. The band is associated to the oxidized state,
D, of the dye and is assigned to the symmetric stretching
vibration v(I-1) of the triiodide in the chemically stable
[DT]I3~ complex and is compatible with a consequent in-
crease in the 11 distance. The 1585cm~1 band is attributed

to a deformation of the w7 (or vs) C—C stretching vibration
of the pyridine group, stabilized in the acidic medium. This
stabilization, not possible in the organic medium (exempt of
protons), produces a lowered bond order within the pyridine
group and is reflected by the lowered frequency. Recently,
both micro- and macro-Raman (in that case the laser power
density upon the photoelectrode is severely reduced) exper-
iments were performed on DSSC devices under variable
forward and reverse bias. Armonic osscilation modeling
and Lorenzian fitting on the Raman data seem to confirm
the behavior of the 167cm~1 peak in terms of frequency
and intensity dependence from the applied bias [38].
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