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ABSTRACT: A ruthenium polypyridyl dye containing a hexasulfanyl-styryl modified
bipyridyl group as ancillary ligand, coded TG6, is investigated as a sensitizer for ZnO-
based dye-sensitized solar cells (DSSCs). The advantages of this dye are a broad
wavelength absorption spectrum, a large loading in ZnO photoelectrodes, a significantly
larger extinction coefficient compared to more classical Ru-polypyridyl dyes, and the
formation of less agglomerate in the pores of the ZnO layers. TG6 has been used to
sensitize ZnO nanorod particle layers of high structural quality and ZnO layers made of
submicrometer spheres composed of aggregated nanocrystallites and that develop an
internal surface area. The latter are highly light-scattering in the visible wavelength region

but more difficult to sensitize correctly. The TG6 dye has been compared with the metal-

free D149 dye and has been shown more efficient for photoconversion. The best performances have been obtained by combining
TG6 with the nanorod layer, the optimal power conversion efficiency being measured at 5.30% in that case. The cells have been
investigated by impedance spectroscopy over a large applied voltage range. We especially show that the submicrometer sphere
layers exhibit lower conductivity and lower charge collection efficiency as compared to the nanorod particle ones.
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Bl INTRODUCTION

During the past two decades, dye-sensitized solar cells (DSSCs)
have attracted increasing attention. DSSCs are low cost, easy to
handle, and have a relatively high conversion efficiency.'~* A
typical DSSC consists of a mesoporous TiO, film sensitized by
a monolayer of dye molecules, impregnated by an electrolyte
containin% a redox shuttle and completed by a counter
electrode.” The use of ZnO as an alternative to TiO, as a
wide bandgap electron transport material has received much
less attention. ZnO is an interesting material for application in
DSSC since it shows fast charge transport with electron
mobility and conductivity several orders of magnitude higher
compared to anatase TiO,.>® Fast transport will increase the
charge collection efficiency and facilitate the change of redox
shuttle in the solar cells notably to get higher open circuit
voltage (VOC).4’7 ZnO can be easily grown as nanostructured
films and various nanostructures have been described in the
literature.*""* In addition, the synthesis of highly crystalline
ZnO layers at low temperature has been performed by several
techniques compatible with substrates that do not tolerate heat
treatments.

In the case of TiO,, mesoporous films are usually prepared
by sintering colloidal particles as reported in the pioneering
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DSSC paper by Gritzel and O’Regan' and is the most
successful process in terms of final energy conversion
performance up to now.* In the case of ZnO, the forced
hydrolysis in polyol medium technique is a very interesting
synthetic route for the preparation of both nanoparticles and
nanoparticle superstructures.'">® This technique is cost-
effective, easy to implement, and simple to scale up with
reproducible results. It has been used for the synthesis of
: . . 16,17 18-20
various inorganic compounds and pure metals at
rather low temperatures. The interesting properties of diol
media include their high dielectric constants (between 20 and
40) and their solvation properties for many inorganic
21 . .
precursors.” Moreover, they offer a wide operating-temper-
ature range for the preparation of inorganic compounds
because they have a relatively high boiling point. The polyol
molecules act as a solvent in the synthesis, as a complexing
agent, and as a surfactant agent which adsorbs on the surface of
the elementary particles preventing or controlling their
.23 . .
aggregation.” The technique can produce nanoparticle super-
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Scheme 1. Molecular Structures of TG6 and D149 Dyes
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structures such as spherical aggregates with controlled
submicrometer size.”'"***> These structures are attractive
for DSSC application since they are highly visible light
scattering, and they consequently present light trapping
properties.

Finding appropriate dyes to raise the ZnO—DSSC perform-
ance at the level of the TiO, based-ones remains challenging.
Indeed, the ZnO solar cell efficiency is clearly limited by a less
attached dye density and by more recombination side
reactions.®*® In the literature, the best ZnO-based DSSC
performances have been achieved using the N3 or N719
ruthenium-based dyes (the molecular structures of the cited
dyes are presented in Scheme S1, Supporting Information)
since some authors have reported overall conversion efficiencies
ranging 6.5—7.5% for these systems.”” > The best short circuit
current, J,, has been measured above 19 mA.cm™, which is
close to the J,. of the best TiO,-based DSSCs.* However, all
our attempts to reproduce these data have proved to be
unsuccessful. > The low conversion efficiency of most ZnO-
based DSSC prepared using N719 is likely due to the
dissolution of the ZnO and Zn(II) generation by the adsorbed
acidic dye, which is followed by the formation of agglomerates.
The agglomerates produce an insulating layer of Zn®* and
ruthenium photosensitizer molecules at the oxide surface, and,
eventually, can block the injection of electrons from the dye
molecules to the semiconductor by the insulating layer.*~>*
On the other hand, some efficient organic sensitizers, such as
indoline derived molecules, have been developed during the last
years for the sensitization of ZnO. Their molar extinction
coefficients are significantly higher than those of the common
ruthenium photosensitizers.”>>* The D149 indoline dye has a
rhodanine dimer as the acceptor group and a carboxylic acid as
the anchoring group (Scheme 1). D205 is an amphiphilic
derivative of D149 in which the ethyl chain bound to a N of
rhodanine is replaced by an octyl chain that is supposed to limit
the dye aggregation upon the sensitization step. Using the
D149 dye, we have reported a power conversion efficiency
(PCE) of 4.64% with electrodeposited mesoporous ZnO
films®® and 4.66% with nanoparticle films.”> Cheng and Hsieh
obtained a PCE of 4.95% and 5.34% for self-asssembled ZnO
secondary nanoparticles photoelectrodes sensitized with D149
and D205 dyes, respectively.'® Magne et al. have recently
shown that the D149 dye could be co-sensitized with the
complementary D131 dye in order to get an incident photon-
to-electron conversion efficiency (IPCE) of about 80% between
400 and 600 nm. This enhanced the PCE by 8% compared to
the use of the D149 dye alone.’® Higashijima et al. have
reported that two novel indoline dyes, coded DN319 and
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DN350, developed for ZnO-based DSSCs, could raise the PCE
up to 5.01%>” and 5.55%,® respectively.

In the present work, we introduce the use of a ruthenium
polypyridyl dye containing a hexasulfanyl-styryl modified
bipyridyl group as ancillary ligand, coded TG6 (Scheme 1),
for ZnO photoelectrode sensitization. This dye has been very
poorly documented in the DSSC literature in spite of reported
performances close to that of the reference N719 dye in the
case of TiO, sensitization.””*® We show that TG6 is highly
relevant combined with porous photoelectrodes made of ZnO
rod-like nanoparticles and ZnO nanocrystallite spherical
aggregates. Due to the two long alkyl chains in its molecular
structure, the ZnO degradation and the agglomeration are
markedly reduced. We compare TG6 performance with the
D149 reference indoline dye. To better understand the effect of
dye and nanostructure on the cell functioning, a detailed study
by impedance spectroscopy (IS) has been carried out.

2. EXPERIMENTAL SECTION

2.1. ZnO Structure and Layer Preparations. Controlled ZnO
nanostructure have been prepared by the polyol process with adjusted
parameters. A controlled amount of zinc acetate dihydrate (Zn-
(OAc),.2H,0), and an appropriate volume of distilled water were
successively added to diethylene glycol (DEG, with formulas
O(CH,CH,0H),). The size and morphology of the ZnO particles
were controlled by adjusting the growth temperature, the zinc
concentration (z), and the hydrolysis ratio defined as h = (ny,0)/

(nz,>) where ny o and ny,> account for the molar number of water

and zinc precursor, respectively.”> The mixture was then heated under
reflux for 1 h. The obtained white precipitate of zinc oxide
nanocrystallites (NR3S) or aggregates (AG200) was centrifuged,
washed several times successively with ethanol and acetone, and dried
at 60 °C. The NR3S rod-shaped particles were prepared in DEG at
161 °C with z = 0.5 molL™" and h = S. The ZnO nanocrystallite
hierarchical aggregates (AG200) were prepared in DEG at 130 °C with
z = 0.09 mol-L™! and h = 2.

The layers were prepared as described elsewhere.® A paste was
created by mixing 1.5 g of NR3S ZnO nanoparticles powder or 1 g of
AG200 ZnO aggregate powder with S g of ethanol, 0.28 g of ethyl
cellulose (5—15), 0.11 g of ethyl cellulose (30—70), and 4 g of
terpineol. These compositions gave rise to a porosity, p, of about 60%
for all the investigated films. Fluorine-doped SnO, (FTO) coated glass
sheets (TEC-15 from Solaronix) substrates were carefully cleaned with
detergent, deionized water, acetone, and finally ethanol in an ultrasonic
bath for 5 min each. A film was deposited by doctor-blading the paste
on top of the FTO substrate.® The nanoparticle layer was annealed at
410 °C for 30 min as described elsewhere.>* In the case of the AG200
ZnO nanocrystallite aggregate, we have investigated the effect of the
sintering layer temperature on the cell performances. As shown in the
Supporting Information (Table S1 and Figure S1), the best efficiency
was achieved using 400 °C as the annealing temperature.
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Figure 1. (a) TEM image of NR3S nanorods. (b) High resolution TEM image of an individual NR3S nanorod. (c) TEM image of AG200
nanocrystallite aggregates.

The layer thickness was measured with a Dektak 6 M stylus profiler.
This parameter was optimized for the two kinds of particles to get the
best efficiency. The effect of this parameter on the AG200 cell
performance is presented in the Supporting Information (Table S2
and Figure S2). The best performances were achieved for layers with a
thickness ranging between 27 and 32 um. The XRD patterns were
determined by a Phillips X’pert high-resolution X-ray diffractometer
operated at 40 kV and 45 mA using Cu Ka radiation with 4 = 1.5406 A
and a rotating sample holder was used. The size and the shape of the
ZnO particles/aggregates were determined using a JEOL 2011
transmission electron microscope (TEM) operated at 200 kV. The
sample morphologies were examined with a high resolution Ultra 55
Zeiss FEG scanning electron microscope (FE-SEM) at an acceleration
voltage of 10 kV.

2.2. Solar Cell Preparation and Characterizations. The layers
were sensitized with the TG6 dye (cis-bis(thiocyanato)(2,20-bipyridyl-
4,40-dicarboxylato){4,40-bis[2-(4-hexylsulfanylphenyl)vinyl]-2,20-
bipyridine }ruthenium(II) mono(tetrabutylammonium) salt) (Borun
chemicals) which molecular structure is presented in Scheme 1. The
ZnO layers were immersed, after S min of cooling, in a 0.3 mM TG6
in dichloromethane CH,Cl, solution. For the sake of comparison, cells
prepared with the D149 indoline dye (Chemicrea Inc.) (5-[[4-[4-(2,2-
diphenylethenyl)phenyl]-1,2,3-34,4,8b-hexahydrocyclopent[ b]indol-7-
yl]methylene]-2-(3-ethyl-4-oxo-2-thioxo-S$-thiazolidinylidene )-4-oxo-
3-thiazolidineacetic acid) (Scheme 1) were also investigated. The
D149 sensitization was performed in the same manner, in a 0.5 mM
dye and 1 mM octanoic acid coadsorbant dissolved in a 1:1 volume
mixture of acetonitrile/tert-butanol.*® For the two dyes, the
sensitization time was 2 h. The counter-electrode was prepared as
described elsewhere.”®

The two electrodes were sealed with a S0 gm hot melt spacer
(Surlyn, DuPont) and filled with the electrolyte through a hole drilled
in the counter electrode. The hole was subsequently sealed with a
Surlyn piece covered by aluminum foil. The composition of the
electrolyte used in the TG6 cells was 0.6 mol-L™" 1,2-dimethyl-3-
propylimidazolium iodide (DMPII), 0.1 mol-L™" Lil, 0.05 mol-L™" L,
0.10 mol-L™" guanidinium thiocyanate, and 0.5 mol-L™" 4-tert-
butylpyridine in a mixture of acetonitrile and valeronitrile (85/1S
volume ratio). The D149 cell electrolyte was 0.05 M I, and 0.5 M 1-2,
dimethyl,3-propylimidazolium iodide (DMPII) in acetonitrile.

The I-V curves were recorded by a Keithley 2400 digital
sourcemeter. The voltage sweep rate was 0.01 V.s™'. The solar cells
were illuminated with a solar simulator (Abet Technology Sun 2000)
filtered and calibrated to mimic AM 1.5G 100 mW.cm™ conditions.
The impedance spectra (IS) were measured in the dark over a large
potential range, by a Solartron FRA125S frequency response analyzer
coupled with a PAR273 EGG potentiostat. The AC signal was 10 mV
and the frequency range was 100 kHz to 0.05 Hz. The spectra were
fitted and analyzed using the Zview modeling software (Scribner). The
IS results were corrected for IR-Drop as described elsewhere® and the
corrected voltage is noted as V.. The total optical transmission and
reflection spectra of the photoelectrodes were recorded with a Cary
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5000 UV—vis-NIR spectrophotometer equipped with an integrating
sphere. The sensitized layer absorbance curves were deduced from the
transmittance and reflectance spectra.

2.3. Computational Details. The calculations were carried out
using the Gaussian 09 program package*' with B3LYP exchange-
correlation functional.** The dye geometries were optimized using the
6-311G* basis set for C, H, O, N, and S atoms™*” together with the
Los Alamos effective core potential LanL2DZ for Ruthenium.*™*
Solvation effects were evaluated by the conductor-like polarizable
continuum model (C-PCM),*** using DMF as a solvent for D149
and CH,CIl, for TG6. The single point TD-DFT calculation®® then
was carried out to the optimized structure to gain insight into the
electronic properties and detailed excited states behavior that
contribute to the UV—vis spectra.

3. RESULTS AND DISCUSSION

In our previous work on ZnO nanoparticles prepared by the
forced hydrolysis in polyol technique, we have investigated the
effect of the size and shape of these particles on the DSSC
performance and photoanode functioning.”> We have shown
that the rod shaped ones, viewed in Figure 1a, yielded the best
PCE. The size distribution of these particles is disclosed in
Figure S3a (Supporting Information (SI)). Their mean
diameter is measured at 35 nm and their mean length at 100
nm. High resolution TEM images of individual rods (Figure
1b) show the high structural quality of the bulk material with
perfectly stacked (001) planes and no structural defects.
Moreover, the images also show the remarkable high structural
quality of the rod surface. In the present work, we introduce the
hierarchical spheres made of aggregated nanocrystallites
prepared by the same polyol technique but with different
conditions. By lowering the zinc concentration, the shape of the
nanoparticle changed from rods to an aggregated small particle
arrangement as clearly observed on the TEM view of Figure lc.
The size analysis of the spheres is presented in SI Figure S3b.
The submicronic spheres were polydispersed in size with a
diameter ranging 100—400 nm and the presence of larger
spheres of 600—800 nm. Their mean value was measured at
220 nm. The mean diameter of the nanocrystallites composing
the spheres was 19 nm. It may be possible that van der Waals
interaction between the surfaces of these small nanocrystallites
is the driving force for self-assembly. Due to the chelating
effects of diethylene glycol, primary particles grow up separately
and then, owing to their high surface reactivity, assemble to
form secondary ZnO structures.

The NR3S and AG200 particles have been used as building
blocks to prepare porous ZnO films by following the protocol
described in the Experimental Section. In the layer preparation
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procedure, the annealing step has a key role since it eliminates
the organic binder to release the porosity. This step also
ensures the connection and necking of the particles and/or of
the spheres. Their good electrical connection is required for the
efficient electron transport in the final device. The optimized
annealing temperature was found to range between 400 and
410 °C, for which the ethyl cellulose is reported to be fully
eliminated (SI Table S1, Figure S1, and ref 34). Figure 2a is a

Figure 2. SEM top-view of (a) a NR3S layer and (b) a AG200 layer.
The inset is a zoomed view of a sphere with a scale bar of 100 nm.

FESEM top-view of a NR35 layer. The layer is porous and
some aggregations of the rods by their lateral facets are
observed. Figure 2b is a FESEM top-view of the AG200 layer. It
is made of the stacked sphere with a polydispersed size. The
inset zoomed view of an individual sphere confirms its porous
nature, and it illustrates that the pores inside the spheres are
small in size.

In SI Figure S4, the XRD patterns of the films are indexed by
the wurtzite hexagonal structure of ZnO with no preferential
orientation. The peak enlargement in the AG200 pattern is due
to the small size of the aggregated nanocrystallites composing
the spheres. Using the Scherrer method described in SI Figure
S4 for the (100), (002), and (101) reflections, we have
determined an average crystallite size of 19 nm in good
agreement with the TEM view analysis (SI below Figure S3).
The films have also been characterized by photoluminescence
measurements at room temperature (Figure 3A). They show a
strong near-band edge emission centered around 382 nm. The
high structural and surface quality of the NR35-film is attested
by the strong UV emission and the very weak emission in the
visible wavelength region. On the other hand, the AG200 film
has a weaker emission in the UV and a marked broad emission
peak in the orange-red region (centered at 604 nm). The latter
can be assigned to surface defects.®

The reflectance spectra of the bare layers are presented in
Figure 3B. The NR3S layers scatter light with a maximum of
reflectance measured at 40% and centered at 398 nm. The
reflectance of the aggregate layer is much stronger. Mie
theory”' and Anderson localization of light®> provide the
analytical description for the scattering of light by spherical
particles and predict that resonant scattering may occur when
the particle size is comparable to the wavelength of incident
light. The aggregates within ZnO films are submicrometer-
sized, and they are therefore particularly efficient scatterers for
visible ligh due to multiple scattering of light within the
hierarchical ZnO layers. We measured a maximum total
reflectance, R%, of 72% for a wavelength of 460 nm which is
red-shifted compared to the maximum of the NR3S5 layer. The
curve of the AG200 film is better adapted to the visible light
absorption by the dyes. The reflectance is remarkably high,
even higher than that reported recently for films prepared from
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Figure 3. (A) Photoluminescence spectra measured at room
temperature of naked NR3S and AG200 porous films (excitation at
266 nm). (B) Reflectance spectra of the naked films: (a) NR3S and
(b) AG200 films.

a submicrometer-sized ZnO powder by the occlusion
electrolysis technique.>

In the present study, TG6 Ru-polypyridyl has been studied as
a new dye for ZnO-based DSSCs. It has been compared with
the D149 organic dye. Their extinction coefficients measured in
DMEF are reported in Table 1. D149 has a large € which is about
3.2 times that of TG6. However, TG6 is a ruthenium
polypyridyl dye engineered in a way to have a high absorption
coefficient and extended absorption in the visible region of the
solar spectrum due to the extended z-conjugation of the
ancillary ligand.** Consequently, the extinction coefficient of
TG6 is higher by ~65% than that of the N719 dye (Table 1).

The UV—vis-absorption spectra of both dyes that resulted
from TD-DFT calculations are presented in Figure 4 and the
calculated electronic transitions with their oscillator strengths
are gathered in SI Table S3. They are in agreement with the
experimental measurements performed in CH,Cl, and also
reported in the same figure. This calculation shows that
absorption at 567 nm results from the electron transition
between the HOMO-2 and the LUMO orbitals. Further
computational investigation found out that the HOMO-2
orbital is composed predominantly of the d orbital on
ruthenium atom, which indicates that this electronic transition
is a metal-to-ligand charge transfer (MLCT) transition (SI
Table S3 and Figure SSb). TD-DFT calculation of D149 dye
exhibits a 30 nm red-shift on UV—vis absorption spectra
compared to the experimental value. The maximum wavelength
at about 530 nm is the result of the HOMO to LUMO electron
transition. SI Figure SSa shows that the HOMO of D149 is
located on the main chain of molecule (indoline moiety),
whereas the LUMO is mainly located on the rhodanine moiety.
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Table 1. Dye Absorption Coefficients and Solar Cell -V Curve Characteristics under 100 mW.cm ™%, AM 1.5 G Filtered

Hlumination
dye &/mol™ . L.em™ (A,.0° nanostructure d*/um Voo/V
D149° 72350 (530 nm) NR35 194 0.548
AG200 30.0 0.527
TG6? 22450 (550 nm) NR35 166 0.530
AG200 22.0 0.532

J../mA.cm ™2 FF/% n/% (mean value) a B
12.68 69.3 4.82 (4.66 + 4%) 0.103 0.613
12.67 68.6 4.58 (4.36 + 5%) 0.112 0.597
15.70 64.2 5.30 (5.06 & S%) 0.118 0.670
12.28 71.5 4.67 (4.50 + 4%) 0.136 0.717

“Absorption coefficient measured in DMF. For comparison &y759 = 13 610 mol™".L.em™ (4,,,, = 524 nm). bFilm thickness. “D149 electrolyte
composition: 0.05 mol-L™" I, and 0.5 mol-L™" 1,2-dimethyl-3-propylimidazolium iodide (DMPII) in acetonitrile. ITG6 electrolyte composition: 0.6
mol-L™" 1,2-dimethyl-3-propylimidazolium iodide (DMPII), 0.1 mol-L™" Lil, 0.05 mol-L™" I, 0.10 mol-L™" guanidinium thiocyanate, and 0.5 mol-
L™ 4-tert-butylpyridine in a mixture of acetonitrile and valeronitrile (85/15 volume ratio).
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Figure 4. UV—vis spectra of (a) TG6 in CH,Cl, (green: experimental; purple: computational) and (b) D149 in DMF (red: experimental; blue:

computational).

The separation in the HOMO and LUMO positions indicates
that the transition has an ICT (intramoleculer charge transfer)
character.>® This result is in line with the previous ones which
compared the electronic structure of the D149 dye.>*¢

The calculated molecular orbital energy levels for both dyes
involved in main electronic transition together with the energy
level of the conduction band (CB) and valence band (VB) of
ZnO and also the energy position of I"/I;~ are presented in SI
Figure S6. The energy levels of ZnO were extracted from ref 57
SI Figure S6 shows that the position of the LUMO energy of
both dyes meets the criteria for an efficient charge injection to
the ZnO conduction band. It requires the position of LUMO to
be above the semiconductor conduction band. Similarly, for the
dye regeneration, the position of the HOMO energy level must
be below the electrolyte potential redox. These positions
guarantee a sufficient driving force for electrons to flow.

Our computational analysis outlines two important differ-
ences between the electronic properties of D149 and TG6 dyes.
First, from the absorbance spectra, we can see that there are
more electronic transitions in TG6 in the UV—vis range
compared to that in D149, which makes the TG6 spectra
broader compared to that of D149. Second, SI Figure SSc
shows us that in TG6 the LUMO orbital is localized closer to
the anchoring site carboxylate compared to that of D149, which
indicates that the electron will transfer easily from the LUMO
to the conduction band of ZnO.

The absorbance curves of the sensitized layers are presented
in Figure SA. For the sake of comparison they are reported per
micrometer thickness unit. The maximum of the layer
absorbance is higher for D149 compared to TG6 but in a
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much lower extent than the difference in their absorption
coefficient. Therefore, we conclude with a higher TG6 dye
concentration in the layers compared to D149. We also observe
that the maxima of absorbance for the D149 and the TG6 dyes
are higher for the AG200 films compared to the NR3S ones. In
Figure SB, the spectra have been normalized in order to show
the effect of the aggregate on the optical properties. The
absorbance of AG200-based layers is extended, especially in the
red spectral region, due to multiple light scattering and then to
prolonged light-traveling distance in these layers. The
aggregates within ZnO films act as efficient scatterers for
visible light, resulting in a significant increase in the light-
harvesting capability of the photoelectrodes.

DSSCs have been prepared with the two different ZnO
nanostructures and the organic metal-free and the Ru-
polypyridyl complex dyes. Figure 6 shows typical I-V curves
of the various investigated solar cells optimized for their
performance. The cell PV parameters are gathered in Table 1.
All the cells possessed a similar open circuit voltage of
approximately 530—540 mV. This parameter was not
significantly affected by the electrolyte composition (Table
1). However, the short circuit current density varied with the
oxide structure and dye. The best performance was achieved for
the NR35_TG6 cell and a power conversion efficiency of
5.30% was achieved with V,_ = 0.530 V, J.. = 15.70 mA.cm™2,
and a fill factor, FF = 0.642. This represents a significant
improvement compared to our previous record cells that were
based on indoline dyes.>****® Hence, the use of TG6 dye in
place of D149 dye significantly enhanced the cell J,. The
incident photon-to-electron-conversion efficiency (IPCE)

DOI: 10.1021/am5068645
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Figure 5. (A) Absorbance of the sensitized layers (reported by
micrometer). (B) Absorbance normalized at the dye absorption
maximum. (a) NR35_D149, (b) AG200_D149, (c) NR35_TG6, and
(d) AG200_TG6.
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Figure 6. I-V curves under 1 sun illumination of the investigated solar
cells. (a) NR35 D149, (b) AG200_D149, (c) NR35_TG6, and (d)
AG200_TG6. The dashed lines are the dark currents of the cells (a’-
d).

curves presented in SI Figure S7 show that the TG6 cell has a
broader action spectrum and that the larger ] is the result of an
improved sunlight collection.

In Table 1, the performances of the AG200-based solar cells
were lower than those of the NR3S-based ones in spite of a
higher dye concentration. This suggests the presence of dye
agglomerates in that case. The performances of DSSCs depend
on the two types of processes experienced by the electrons
injected to the oxide conduction band from the excited dye: the
transport and the recombination reaction. The transport is a
forward movement of electrons to a back contact collector as a
result of a gradient of electron concentration. It is a field-free
random walk process. In the generally accepted multiple
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trapping (MT) model,**~® the electrons are considered to be

mostly trapped in localized states below the conduction band
edge, from which they can escape by thermal activation. The
electron movement is characterized by the transport time (z,,),
which is the mean time for the electron to reach the back
contact. Recombination is a back flow of electrons to tri-iodide
ions (and oxidized dyes) characterized by the electron lifetime
(7).

Impedance spectroscopy (IS) is a powerful technique that
has been employed in a large extent to investigate the coupled
kinetics of electrochemical and photoelectrochemical reactions
occurring in DSSCs.***"%* DSSCs of similar thickness
(between 16 and 17 ym) have been prepared and investigated
by IS. Examples of spectra are presented in SI Figure S8. They
have been analyzed according to the multiple trapping (MT)
model.%° They all showed a characteristic low-middle frequency
semicircle due to the resistance to charge transfer (recombi-
nation) (R.) across the sensitized oxide-electrolyte interface
coupled to the total electrode capacitance, denoted as C,, which
is a chemical capacitance due to filled trap states localized
below the conduction band minimum. At high frequency, a
second semicircle was found due to the resistance (Rp,) and
capacitance (Cp,) of the charged counter electrode/electrolyte
interface. In the intermediate frequency range, a ~45° straight-
line segment could be clearly observed for cells polarized at not
too high applied voltage, which is characteristic of the electron
transport by diffusion and is modeled by a transport resistance,
noted as R, in Figure 7A. The high frequency series resistance,
R,, is due to the electrical contacts. The full equivalent circuit
used to fit the spectra is presented in Figure 7A. We noted that
for all the investigated cells the IS spectra did not exhibit a clear
Warburg loop at low frequency, even at a high applied voltage
(not shown). This clearly excludes a performance limitation
due to the diffusion of the I"/I;~ redox shuttle.

C, is a chemical capacitance due to filled trap states localized
below the conduction band minimum (sub-band gap state). C,
is plotted as a function of V_ in Figure 7B and it varies more or
less exponentially as expected for the model used. The
experimental data have been fitted by the relationship:°

kT on P kTo (1)
where kg is the Boltzmann constant (1.381 X 10723
m*kg.s >K™"), T the absolute temperature, and g the
elementary charge (1.602 X 107" C). The C, curves of
AG200 based solar cells are negatively shifted compared to the
NR3S ones which suggests a negative energy shift of the
conduction band minimum (CBM) of ZnO in the case of the
aggregates. « is a parameter that accounts for the depth of the
trap energy distribution below the conduction band. In Figure
7B, a value ranges between 0.10 and 0.14 (Table 1) and are
slightly lower than those of anatase and brookite TiO, that we
have measured recently as ranging 0.18—0.23.%°

In Figure 7C, R, is presented versus V.. Slightly less
recombinations are found for the TG6-sensitized solar cells that
can be assigned to the presence of the two long alkyl chains in
the molecular structure of the dye and to its amphiphilic
character. R, show an exponential variation, in agreement with
the MT model, that follows the relationship®

Cﬂ = Co,ﬂ exp[a

‘/COI'
Rct = RO,ct exp[—ﬂq—]
kyT (2)
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Figure 7. (A) Equivalent electrical circuit used to fit the impedance
spectra. (B) Variation of C, with V,,.. (C) Variation of R (a, b, ¢, d)
and R, (a/, b, ¢/, d) with V_.(a a’) NR35 D149, (b, b')
AG200_D149, (¢, ) NR35_TG6, and (d, d’) AG200_TGé6.

where f can be considered an estimation of the reaction order.
B values range between 0.60 and 0.72 depending on the dye
and on the structure (Table 1). § of TG6-sensitized DSSC is
significantly higher than f of D149-sensitized ones. f lower
than 1 is an empirical way to describe sublinear recombination
kinetics that takes into account that electrons may be
transferred from occupied levels located in the energy gap.67_69

The electron lifetime, 7,, is the mean time before the charge
recombination with the tri-iodide species in solution. It has
been calculated according to 7, = RctCM.é4 Due to the different
trap state distribution and conduction band level for the various
photoelectrodes, this parameter has been compared as a
function of the trapped electron concentration, g. From C,, g
was calculated according to®

Cu(Vior)
qAd(1 — p) (3)

where A is the geometric area of the cell, d the oxide layer
thickness, and p the film porosity. 7, is displayed in Figure 8A.
It decreases with the applied potential (and then g) because the
electron interception increases with the driving force. 7, is
significantly longer for the aggregate-based cells compared to
the nanorod ones. We can suppose that it is due to the charge
confinement in these rather large objects. The transport time is
the mean time for the photogenerated electrons to reach the
back contact. It was calculated as 7, = &rCﬂ.64 The R,

g(Vo) =
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Figure 8. (A) 7, and 7, versus g. (B) 5. versus g (a) NR35_D149,
(b) AG200_D149, (c) NR35S_TG6, and (d) AG200_TG6.

parameter describes the transport properties of the films and
is presented in Figure 7C. For all the cells it varies exponentially
and is significantly lower than R.. 7, is plotted as a function of g
in Figure 8A. Longer transport times are found for the
aggregates. It shows that this structure is detrimental for the
electron traveling. However, for all the cells 7, is more than 1
order of magnitude higher than 7, a difference that ensures a
rather good charge collection at the FTO contact. The charge
collection efficiency, 7., in the photoelectrodes was calculated
using the following classical relationship:*

1

Neon = 7,
(1+%) @
The results are displayed in Figure 8B. The collection efficiency
is very high in the case of NR35-based cells with values higher
than 96%. On the other hand, significantly lower values (86—
95%) are found in the case of AG200 solar cells. Therefore, cell
performance losses are expected for the AG200-based DSSCs.
The conductivity of ZnO porous layers was determined from
the charge transport resistance:

_ d
A(l - p)Rtr

o,

' (s)
Figure 9A shows the conductivity of NR35 and AG200 layers as
a function of g. o, increases rapidly with this parameter due to
the trap filling. We observe that the conductivity is not
significantly changed with the sensitizer. On the other hand, it
depends on the ZnO nanostructure. The conductivity of the
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Figure 9. (A) o, versus g. (B) D, versus g (a) NR3S_D149, (b)
AG200_D149, (c) NR35_TG6, and (d) AG200_TG6.

NR35 layers is much higher than the AG200 one. This shows
that the electrical connection between the submicrometer-sized
spheres is significantly poorer than that between the nanorods.
These spheres are more difficult to sinter than the nanorods.
From 7, and 7, measured by IS, we have also estimated the
effect of the ZnO structure on the chemical diffusion coefficient
of electrons, denoted as D,.

D, = dZ/Ttr (6)

In Figure 9B, D, is plotted as a function of g. As expected, the
behavior is similar to that found for ¢, and D,, is much larger for
NR3S layers compared to the AG200 ones.

Using the IS data, we have also determined the electron
diffusion length (L,) defined as the average distance traveled by
the electrons in ZnO before recombination. This parameter is
given by®

z
L,=Dzr, =d |—
Tr (7)

The results are displayed in Figure 10. Two different behaviors
are observed: L, is longer than 100 nm in the case of the NR35
layers and significantly shorter in the case of AG200
photoelectrodes.

B CONCLUSIONS

In conclusion, we have introduced the use of a ruthenium
polypyridyl dye containing a hexasulfanyl-styryl modified
bipyridyl group as ancillary ligand, coded TG6, for ZnO

photoelectrode sensitization. This dye has been investigated for
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the sensitization of porous layers made of sintered nanorod
particles and nanocrystallite spherical aggregates and it has been
compared to the metal-free D149 organic dye. The AG200
layers show a remarkable reflectance in the visible wavelength
region, but poor crystallographic quality. They adsorb more dye
than the NR3S5 layers but do not generate more current when
they are used as building blocks of photoelectrodes. TG6
attached to ZnO has a broaden absorbance spectrum in the
blue and red regions compared to the D149 dye and then
ensures a better sunlight harvesting. We have shown that TG6
is highly relevant combined with porous NR3S photoelectrodes
made of ZnO rod-like nanoparticles and the optimal power
conversion efficiency has been measured at 5.30%. The
impedance spectroscopy study carried out over a large applied
voltage range has shown that at high applied voltage R is
similar for the various investigated solar cell and explains the
similar V.. The electron lifetime is longer in the aggregates but
the transport time is also longer. On the whole, the charge
collection is more efficient in the NR3S5 photoelectrodes. The
conductivity measurements show that the NR35 layers are
more conducting than the AG200 ones. The electrical
connections that result from the sintering process are much
better for the nanorods compared to the spheres.
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