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Six ruthenium(Il) complexes as charge-transfer sensitizers for dye sensitized solar cells (DSSCs) are
synthesized. The absorption and electrochemical properties of newly synthesized ruthenium-dye
molecules contained one bipyridine (bpy) ligand with two carboxylic groups have been investigated.
Among them, four ruthenium(ll) complexes contain a second bpy ligand with branching and non-
branching side groups containing C and H only and the remaining two ruthenium(Il) complexes instead
of a second bipyridine (bpy) ligand, they consisted of a pyridine (py) ligand with side groups containing
—C-0-C-molecular group. Dye sensitized solar cells employing quasi-solid state electrolyte and the six
ruthenium complexes are constructed and electrically characterized under standard conditions of light
irradiance (1000W/m?, AM 1.5). Their behavior is compared with that of commercially available
ruthenium complex D907 in terms of current-voltage characteristic curves under simulated light and
dark while electrochemical impedance spectroscopy showed comparable results for local resistance to
charge transfer across the TiO,-electrolyte interface and free electron lifetimes for two bipyridine and
commercial D907 complexes. The influence of molecular side groups into ruthenium-dye molecules is
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discussed in terms of the cells' efficiency.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Since the first report on dye-sensitized solar cells (DSSCs)
introduced by M. Grdtzel at 1990 [1], too much attention has been
attracted to the development of new and ever more performing
materials as this technology fulfils many requirements concerning
the cost of the materials and cells, low energy expenditure and ease
of preparation [2-5]. Their maximum conversion efficiency of over
12 percent [6] suggests that they are a promising type of next
generation solar cells. For their commercial application, it is
important to develop low-cost materials and to achieve maximum
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efficiency for the cells. The components of a DSSC have more or less
been standardized and they are: a TiO, nanocrystalline film
deposited on a SnO,:F transparent conductive electrode (negative
electrode), a ruthenium bipyridyl derivative adsorbed and
chemically anchored on TiO, nanocrystallites, an electrolyte
bearing the I7/I3~ redox couple and a platinized SnO,:F electrode
(positive electrode). A large volume of the recent works on DSSC's
is devoted to the study of the physicochemical state of the
electrolyte [7-9]. This is dictated by some concern that has been
expressed as to the long term photochemical stability of the
devices due to leakage of the electrolyte caused sealing problems
as well as stability and durability of liquid electrolytes. However,
one more critical factor for better cell performance is the
optimization of dye sensitizer in terms of increasing light-
harvesting capability, improving charge transport and reducing
recombination of excited electrons. In general, after irradiation of
the solar cell, light is absorbed by the dyes' molecules that are
anchored on the TiO, surface and the electrons are injected from
the excited state of dye into the conduction band of the
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semiconductor film. At the same time, the dyes are regenerated by
the redox mediator in the electrolytic solution to provide efficient
charge separation. Therefore, a considerable degree of energy
conversion efficiency of a solar cell depends on the dye used and
the collaboration between these molecules and the electrolyte
making this a critical factor for the optimization of cells’ efficiency
and overall performance. Various sensitizers have been proposed
in the past and their performances were investigated during the
past two decades [10-14]. These are separated in two major
categories. The first is related to the pure organic dyes prepared
according to cheap synthetic routes or obtained from nature as
component of flowers and fruits [15-17]. The reason for choosing
pure organic dyes is that they have certain advantages over metal
based photosensitizers; they are easily modified with common
synthetic procedures while they exhibit high molar extinction
coefficients compared to metal complexes [18]. Organic dyes with
high molar extinction coefficients could be advantageously used in
thin titanium dioxide film based solar cells which are mainly
required in solid state devices where the mass transport and pore
filling are limited affecting the performance of the cells. However,
the overall performance obtained for DSSCs comprising pure
organic dyes is not competitive, while their stability is limited after
several hours of continuous illumination. In the second category
transition coordination complexes (Ru-polypyridyl complexes) are
employed as charge-transfer sensitizers, harvesting higher than
11% solar-to-electric energy conversion [19,20]. These complexes
are also one of the most effective sensitizers because of their high
efficiency, excellent chemical stability, favorable photoelectro-
chemical properties, and intense charge transfer absorption in
wide visible range. Numerous reports of ruthenium(Il) complexes
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with different ligands have been published with an aim to improve
the device efficiency and stability. In general, these dyes are
assembled by incorporation of bipyridines and thiocyanate ligands.
The recent research in ruthenium sensitizers is focused on
structure modification of the ligands to improve light harvesting,
electron injection efficiency and finally the efficiency of the DSSCs
[21,22]. In particular, modifications of ancillary ligands allowed a
record efficiency of 12.3% for Z991 dye, which is an N3 analogue
with an ancillary ligand substituted with bithiophene containing
moieties [19]. Ligand modifications could also contribute to the
better collaboration among ruthenium dye molecules and electro-
lytes intermittently used in DSSCs especially in the case that quasi-
solid state electrolytes are used.

In this work, we explore the influence of molecular side groups
on the performance of DSSCs based on quasi-solid state electrolyte.
In particular, the choice of these structures was made on our basic
aim to provide a possible solution to the two of general problems
appearing in DSSCs technology based on ruthenium complexes.
Those are addressed as, solubility of the dye that may cause
aggregation of the dye on TiO, surface, and water adsorption of the
dye that affects the performance of the cell. The different alkyl
substituent of the synthesized complexes may provide enhance-
ment on both of them. Spectroscopic, and electrochemical
characterizations for the six as-prepared ruthenium complexes
are presented while the electrical characterization of DSSCs
obtained with these dyes are also presented in comparison with
that achieved with a commercial D907 - (Everlight, Taiwan)
ruthenium dye which is a dye molecule with similar structure as
the new ruthenium(Il) complexes.
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Scheme 1. Molecular structures of the ruthenium(Il) complexes.
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2. Experimental Section
2.1. Materials

2.1.1. Materials for new dye complexes synthesis

Dichloro(p-cymene) ruthenium(II) dimer, tetrabutyl ammoni-
um hexafluorophosphate (TBAPFg), ammonium thiocynate, 1-
bromohexane were provided from Fluka. Chromium(VI) oxide, 4-
hydroxypyridine, LH-20 sephadex gel, 4,4’-dimethyl-2,2’-bipyr-
idine, butyllithium solution (1.6 M in hexane), 2-ethylhexyl iodide
were purchased from Aldrich. Diisopropylamine was obtained
from Merck. 4-(5-nonyl) pyridine (dnpy) was provided from ABCR.
All reactions and manipulations of air-sensitive materials were
carried out under argon atmosphere and using standard Schlenk
techniques. Solvents were dried and freshly distilled prior to use.
All other chemicals were used as received.

2.1.2. Materials for the fabrication of DSSCs

Commercially available lithium iodide, iodine, 1-methyl-3-
propylimidazolium iodide, tert-butyl pyridine, guanidine thio-
cyanate, hydrogen hexachloroplatinate(IV) hydrate (H,PtClg),
poly(propylene glycol) bis(2-aminopropyl) ether, 3-isocyanato-
propyltriethoxysilane and all solvents were purchased from
Sigma-Aldrich. SnO,:F transparent conductive electrodes (FTO,
TEC™ A8) 8 Ohm/square were purchased from Pilkington NSG
Group. Commercial ultra pure titanium isopropoxide (TTIP, 97%,
Aldrich), Triton X-100 (polyoxyethylene-10-isooctylphenyl
ether) surfactant (99.8%, Aldrich), glacial acetic acid (AcOH,
Aldrich) were used to make TiO, precursor sols. Titania powder
P25 was provided by Degussa, (Germany, 30% Rutile and 70%
Anatase).

2.2. Preparation of TiO, photoelectrodes

TiO,, films were fabricated in two steps. A thin layer of TiO, was
first deposited on FTO glass substrates as blocking layer via sol-gel
method following a previously reported procedure [23,24]. Briefly,
for 5.4 ml solution, 0.72 g of Triton X-100 was mixed with 4 ml of
ethanol, followed by addition of 0.4 ml of glacial acetic acid and
0.32 ml of titanium isopropoxide under vigorous stirring. After a
few minutes stirring, FTO glasses were dipped in the above sol and
withdrawn with 2 cm/sec. The films were heated up to 500°C for
30 minutes using 20 °C/min heating ramp rate. The procedure was
applied for the deposition of only one TiO, layer while the film
thickness was approximately 150 nm. Then, a second thicker layer
was coated on top of the above layer, made of nanocomposite TiO,
paste using P25 commercial powder by doctor blade technique,
followed by heating to 500 °C. The fabrication of TiO, paste was as
follows: 3 g of Degussa P25 was mixed with 0.5 ml of acetic acid in a
mortar for about 3 min. After that, 2.5 ml of millipore water and
17.5ml of ethanol were alternately added to break all TiO,
aggregates and form a homogenous solution. The solution was
transferred to a crucible with 50 ml of ethanol and was mixed with
10 g of terpineol and an amount of ethyl cellulose. The solution was
ultrasonicated for about 2 minutes and then the crucible was
placed in a rotary evaporator at 40-45 °C to remove the excessive
solvent and form the TiO, paste.

2.3. Preparation of Ligands and Ruthenium Complexes

The ligands 4,4'-dicarboxy-2,2’-bipyridine (L), 4,4’-bis(3-
ethylheptyl)-2,2'-bipyridine (L;), 4-(3-ethylheptyl)-4’-methyl
2,2'-bipyridine (Ls), 4-heptyl-4’-methyl-2,2’-bipyridine (L4), 4-
dihexylmetyl-4’-heptyl-2,2’-bipyridine (Ls), 4-(2-ethyl-hexy-
loxy)-pyridine (Lg) and their heteroleptic ruthenium(ll) com-
plexes of the type [RuL;L,(NCS),] (CS27), [RuL;L3(NCS),] (CS28),

[RUL]L4(NCS)2] (CS32), [RUL1L5(NCS)2] (CS43), [RUL]LG(NCS)gl
(CS17), [RuL;(dnpy)(NCS)3] (CS22) was prepared and purified
according to the procedure reported in literature [25]. The
molecular structures of the six ruthenium complexes are given in
Scheme 1.

2.4. Fabrication and characterization of quasi-solid state dye-
sensitized solar cell

2.4.1. Dye-sensitization of TiO films

The new dye solutions were prepared using N,N dimethylfor-
mamide (DMF) as a solvent. To compare the new dye complexes
with a commercially available dye we used D907 purchased from
Everlight Co. with similar chemical structure (Scheme 1). All TiO5
films were immersed in the ruthenium dye solutions (1 mM)
overnight in order to complete the photoanode preparation. Thus,
some TiO, films where sensitized using a 1mM acetonitrile
solution of D907.

2.4.2. Quasi-solid electrolyte preparation

In the construction of the solar cells a quasi-solid state
electrolyte was used. This was chosen as a promising technique
to DSSC technology as it combines the high ionic conductivity of
liquids while it reduces the risk of leaks and minimizes sealing
problems in the cells. For the gel electrolyte applied to the DSSCs,
we used a hybrid organic-inorganic material which was prepared
according to a procedure described in previous publications
[26,27]. Briefly, poly(propylene glycol) bis(2-aminopropyl ether)
of molecular weight 230 and 3-isocyanatopropyltriethoxysilane
(ICS; molar ratio ICS/diamine=2) react in a vessel (acylation
reaction), producing urea connecting groups between the polymer
units and the inorganic part. The gel electrolyte was synthesized by
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Fig. 1. (a) UV-vis absorption spectra of 4 x 10> M solution of bpy-bpy ruthenium
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in DMF, (b) UV-vis absorption spectra of ruthenium dyes adsorbed on TiO, film.
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Table 1
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Absorption and electrochemical data of the ruthenium complexes in DMF.

Complex Amax (nm) (e/10*°ML.cm™)
T d mom* Eox (V) (AEp (V) Erea1(V) Eredaz (V) (AEp (V) Ereas (V) (AEp (V)

CS27 299 (4.78) 369 (1.25) 517 (1.13) 0.96 (0.010) -112 -1.46 (0.056) -1.77 (0.013)
CS28 299 (4.48) 370 (1.20) 518 (1.08) 0.99 (0.009) -1.09 -1.45 (0.065) -1.76 (0.021)

CS32 298 (4.50) 370 (1.17) 518 (1.05) 0.97 (0.008) -1.1 -1.42 (0.009) -1.76 (0.017)

CS43 299 (5.43) 369 (1.34) 518 (1.20) 0.99 (0.010) -1.11 -1.43 (0.009) -1.77 (0.017)

CS17 306 (3.23) 382 (0.71) 530 (0.41) 1.25 (0.096) -0.73 -1.34 -1.61

CS22 305 (2.60) 386 (0.85) 533 (0.50) 1.25 (0.104) -0.71 -1.33 -1.57

the following procedure: 0.7 grams of the functionalized alkoxide
precursor were dissolved in 1.6 grams of sulfolane and 0.8 grams of
3-methoxypropionitrile under vigorous stirring. Then, 0.368 g
AcOH were added followed by 0.3 M 1-methyl-3-propylimidazo-
lium iodide, 0.1 M Lil and 0.05M I in a final molar ratio AcOH:Lil:
MPIml:I;=2.5:0.1:0.3:0.05. To complete the electrolyte solution,
0.204 g of tert-butyl pyridine and 0.036 g of guanidine thiocyanate
were added to the above mixture. After six hours stirring, one drop
of the obtained sol was placed on the top of the titania electrode
with adsorbed dye molecules and a slightly platinized FTO counter
electrode was pushed by hand on the top. The platinized FTO glass
was made by casting a few drops of H,PtClg solution (5 mg/1 ml of
ethanol) followed by heating at 500°C for 10 minutes. The two
electrodes tightly stuck together by Si-O-Si bonds developed by the
presence of the hybrid material.

2.5. Characterization techniques

UV-Vis spectra were recorded in a 1 cm path length quartz cell
by using Analytic Jena S 600 UV spectrophotometer. Infrared
spectra were obtained with a Perkin Elmer, Spectrum BX-FTIR
spectrophotometer. NMR spectra were recorded at 297K on a
Varian Mercury AS 400 NMR instrument at 400 MHz ('H) and
100.56 MHz ('3C). Electrochemical data were obtained using a CH
Instrument 660 B Model Electrochemical Workstation. Cyclic
voltammograms were measured in a cell containing a glassy
carbon working electrode, silver wire reference electrode, plati-
num wire counter electrode and supporting electrolyte consisting
of 0.1 M TBAPFs in DMF with a scan rate of 100mVs~' The
ferrocenium/ferrocene couple was used as an internal standard
(0.65V vs. Ag/Ag").

For the J-V curves, the samples were illuminated with Xe light
using a Solar Light Co. solar simulator (model 16S-300) equipped
with AM 0 and AM 1.5 direct Air Mass filters to simulate solar
radiation at the surface of the earth. The light intensity was kept
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Fig. 2. (a) Cyclic voltammograms of CS27, (b) differential of CS27 voltammogram,
(c) 5 consecutive cyclic voltammograms of CS27 measured in DMF solutions with

scan speed of 100mVs~".

constant at 1000 W/m? measured with a CMP 3 Kipp & Zonen
pyranometer. Finally, the J-V curves were recorded by connecting
the cells to a Keithley Source Meter (model 2601 A) which was
controlled by Keithley computer software (LabTracer). The cell
active area was constant to 0.3 cm? using appropriate mask while
back reflectors were not used in the measurements. For each case,
we made two devices which were tested under the same
conditions in order to avoid any misleading estimation of their
efficiency. Cell performance parameters, including short-circuit
current density (Js¢), open circuit voltage (Voc), maximum power
(Pmax), fill factor (FF) and overall cell conversion efficiency, were
measured and calculated from each J-V characteristic curve.
Besides, incident photon-to-current efficiency (IPCE) was mea-
sured for all cells after illumination with Xe light source using a
filter monochromator (IQE 200™, Newport).

Impedance measurements were carried out under illumination
using the same Xe light source that was used for the J-V curves. EIS
measurements were performed without the use of a mask with
Metrohm Autolab 3.v potentiostat galvanostat (Model PGSTAT
128 N) through a frequency range of 100kHz-0.01Hz using a
perturbation of £10 mV over the open circuit potential. Experi-
mental data are presented by scattering symbols while lines
represent the fitted plots obtained using Nova 1.10 software.

3. Results and Discussion
3.1. Absorption studies

The absorption spectra of the ruthenium complexes in DMF are
shown in Fig. 1a and maximum absorption wavelengths and the
molar absorption coefficients are summarized in Table 1. The
absorption spectra of ruthenium complexes show bands between
370 and 533 nm that are assigned to metal-to-ligand charge
transfer (MLCT) transitions. In the UV region, the bands below
306 nm are observed due to the -7 transitions of bipyridine and
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Fig. 3. (a) Cyclic voltammograms of CS17, (b) differential of CS17 voltammogram, (c)
5 consecutive cyclic voltammograms of CS17 measured in DMF solutions with scan
speed of 100mVs~",
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Fig. 4. Photocurrent-voltage curves of DSSCs with TiO, nanocrystalline films
sensitized with different newly fabricated ruthenium dyes.

pyridine ligands [28,29]. The bpy-bpy molecules containing
branching and non-branching side groups (CS27, CS28, CS32,
CS43) exhibit similar maximum absorption wavelengths and the
molar absorption coefficients (Fig. 1a). This indicates that
branching of side groups was not important effect on absorption
properties [28]. The absorption spectra of bpy-py molecules
(Fig. 1a) show blue shifted the lowest-energy MLCT band from
533 nm to 530 nm in the bpy-py molecule with -C-O-C-molecular
group in the side group (CS17). The blue shift is attributed to the
donor character of 4-(2-ethyl-hexyloxy)-pyridine ligands contain-
ing oxygen in side group which cause in a slight increase in energy
of the LUMO of the complex [30]. This results that the m-7* and
MLCT transitions occur at higher energy.

In comparison to bpy-bpy molecules (CS27, CS28, CS32, CS43),
the lowest-energy MLCT band of bpy-py molecules (CS17, CS22) is
red shifted by 12nm while the molar extinction coefficient
decreases. The red shift is due to the fact that the pyridine rings
in bpy-py molecules may rotate free into the optimum overlap
configuration [31]. The more conjugated character of bpy-bpy
molecules result an increase in the molar extinction coefficient. It
is very important to develop sensitizers with high molar extinction
coefficients which increase solar light harvesting capacity [32].
Improving the molar extinction coefficients of sensitizers can
result in an increasing efficiency in DSSC applications. The bpy-bpy
molecules (g: 1.05-1.34 x 10*M~'-cm™!) exhibit similar molar
extinction coefficients compared to one of the standard dyes,
D907 in literature (g: 1.16 x 10*M~-cm~1) [28].

In order to obtain concrete results about the amount of dye on
TiO, films which could be correlated with electrical characteriza-
tion results, we performed UV-vis absorption measurements to
examine the light absorption spectra of the dyes on TiO, films
(Fig. 1b). It is obvious that the absorbance of the two complexes
CS28 and (CS32 is directly compared with that obtained for
D907 while the absorbance of the other two bpy-bpy molecules
CS43 and CS27 is a little less. In accordance to the Fig. 1a the
absorbance of the two bpy-py molecules CS17 and CS22 is much

Table 2
Solar cells parameters for DSSCs with TiO, photoelectrodes sensitized with
different ruthenium dyes.

Complex Jsc (mA/cm?) Vo (Volts) FF n (%)
CS27 3.0 0.63 0.77 1.46
(CS28 7.0 0.66 0.72 3.28
CS32 6.7 0.66 0.67 2.95
CS43 6.1 0.69 0.69 291
CS17 1.2 0.59 0.69 0.47
CS22 0.5 0.53 0.62 0.16
D907 73 0.65 0.69 3.26
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Fig. 5. Dark current-voltage characteristic curves of dye-sensitized solar cells with
different dyes.

lower while the optical impression of the films is that they possess
a very pale purple color which finally affected to the overall
performance of the cells as it can be seen to the next paragraphs.

3.2. Electrochemical Data

Electrochemical properties of the complexes have been
investigated by cyclic voltammetry. The electrochemical data are
summarized in Table 1 and the cyclic voltammograms of CS27 and
CS17 are given in Fig. 2 and 3. The cyclic voltammogram of the bpy-
bpy molecules (CS27, CS28, CS32, CS43) show one reversible
oxidation peak around 0.97 V vs. Ag/Ag", which is attributed to the
Ru (II/IIT) couple (Fig. 2a). The quasi-reversible oxidation peaks of
bpy-py (CS17, CS22) (Fig. 3a) show anodic shift from 0.97V to
1.25V compared to bpy-bpy molecules (CS27, CS28, CS32, CS43).
This means that electron density of ruthenium metal for bpy-py is
less than that for bpy-bpy complexes [25]. This is attributed to
chelating effect of bidentate bipyridine ligands. The chelating
effect increases the interaction between ruthenium and bipyridyl
nitrogens (Ru-N), the greater the m-back bonding, which leads to a
shorter Ru-N bond length compared to monodentate coordination
[25]. This interaction occur by the electron donation from
bipyridine ligand to empty ruthenium metal d orbital and followed
by the m-back bonding from the filled ruthenium metal d orbital to
the empty 7" orbital of ligand. This interaction increase electron
density in the ruthenium metal t,, orbital in the presence of
bipyridine ligand which coordinates to ruthenium metal with two
electron donating nitrogens [33-35]. This result in a cathodic shift
for bpy-bpy molecules compared to bpy-py molecules. The cyclic
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Fig. 6. (a) Impedance spectra and (b) Bode phase plots of dye-sensitized solar cells

with different dye complexes measured at open circuit voltage at 1 sun
illumination.



232 D. Sygkridou et al./Electrochimica Acta 160 (2015) 227-234

voltammograms of the bpy-bpy and bpy-py molecules (Fig. 2b and
3b) show three reduction peaks. The reduction peaks are assigned
to the reduction of carboxylic acid protons, 4,4'-dicarboxy- 2,2'-
bipyridine and the bipyridine, respectively [28]. The reduction
potentials of bpy-bpy molecules are shifted cathodically which are
related to the stronger electron donor property of bipyridine
ligands.

Consecutive cyclic behaviors of the complexes (Fig. 2¢ and 3c¢)
were investigated in order to determine their electrochemical
stability. The bpy-bpy molecules have more electrochemical
stability compared to the bpy-py molecules. No significant change
in peak currents and potentials of anodic and cathodic areas are
observed in bpy-bpy molecules. Furthermore, the reversibility of
the redox peaks exhibits more stability of bpy-bpy molecules. It
indicates that the chelating effect enhances stability in the
presence of bipyridine ligand [25].

The energy levels and electrochemical stability of the com-
plexes are in agreement with the reported values for the related
classes of ruthenium(ll) complexes and can be used as photo-
sensitizers in DSSCs [28-30].

3.3. Solar cells performance

The current-voltage (J-V) characteristic curves of quasi solid-
state dye sensitized solar cells, for all the dye complexes tested are
presented in Fig. 4. In all J-V measurements, a mask with an
aperture area of 0.3 cm? was used. In general, cells sensitized with
the new dye complexes showed almost the same overall
performance compared with the ones that were sensitized with
D907. In the case of CS28 a slight better performance was
monitored than this obtained for D907. Some of the new dyes
weren’t adsorbed that well (Fig. 1(b)), so they didn’t sensitize
sufficiently the TiO, films which was reflected to the obtained
current density values.
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Fig. 7. DSSCs equivalent circuits (a) R(RC)(RC)(RC) and (b) R(RQ)(RQ)(RQ) used to fit
the experimental data from the EIS measurements.

The electrical parameters measured and calculated for all cells
are summarized in Table 2. The bpy-bpy molecules (CS32, CS28,
CS43) showed higher cell efficiency in the range of 2.9%-3.3%
compared to the bpy-py molecules (CS17, CS22). The more
conjugated character of bpy-bpy molecules result in an increase
in the molar extinction coefficients. This can enhance solar light
harvesting capacity and improve the conversion efficiencies of
DSSCs [36]. It is worth noting that the cells sensitized with the dyes
CS28, CS32 and CS43 showed a slightly increased open circuit
voltage compared with D907. The cell efficiency of CS27 decreased
in the presence of two branching alkyl chains when compared to
other bpy-bpy molecules. This increase in efficiency of cells can be
attributed to decreasing steric effect of side groups. The cell
efficiency of CS17 is higher than CS22 which may be attributed to
more electron donor properties of pyridine ligand containing
oxygen in side group of CS17. The performance of the new dyes as
TiO, sensitizers in DSSCs was also explained in terms of the
external quantum efficiency measured for each cell employing the
six ruthenium complexes. Fig. 5 presents the IPCE values of the
dyes at different wavelengths. It can be seen that the maximum of
the cell efficiency almost coincides with the maximum of the dye
absorption spectra of the dyes on TiO,. It can also be seen that the
better Jsc values obtained for D907 can be attributed to the
extension of the IPCE spectrum at longer wavelengths compared to
that obtained for CS28 and CS32. However, values exceeding 80%
are obtained for these dyes (CS28, CS32) while 70% and 45% IPCE
values are monitored for the rest two bpy-bpy molecules CS43 and
CS27 respectively. Finally, low IPCE values for the two bpy-py
molecules are obtained which are in line with J-V data.

The cells with the different ruthenium dyes were also examined
as efficient photoelectrodes in DSSCs measuring the dark current
suppression. Fig. 6 shows that dark current density in the cells
made with the new dyes does not have substantial differences
compared to that obtained for D907 dye. However, the electron
leakage, in the cells made with the dyes CS17 and CS22 is
noticeably higher compared to the cells with the dyes CS28, CS32,
CS43 and D907 which can be attributed the poor adsorption of
these dyes in the TiO, mesoporous films and it finally leads to a
reduced overall performance under light exposure.

3.4. Electrochemical Impedance Spectroscopy (EIS)

Fig. 7a and b show the Nyquist and Bode plots obtained from
cells with the different ruthenium dyes respectively. The first
semicircle, starting from left to right, corresponds to the Pt/
electrolyte interface, Ry, The charge transfer resistance at the
counter electrode (Rp) is represented as a semicircle in the
impedance spectra and a peak in the Bode phase angle plot (peak at
high frequency). The resistance element related to the response in
the intermediate frequency represents the charge transport at the

¥ N YO N Yo N

Fig. 8. DSSCs equivalent circuits (a) R(RC)(RC)(RC) and (b) R(RQ)(RQ)(RQ) used to fit
the experimental data from the EIS measurements.
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Table 3
Fitted parameters derived from electrochemical impedance spectroscopy.

Complex Rn () Rpe () Cpe (F) (107%) Rir () Cu (F) (1072 Rair () Cair (F) (1071
Cs27 11.10 1.59 0.42 5.60 131 0.81 0.65
Cs28 10.00 1.56 0.40 737 1.40 148 0.39
Cs32 7.96 175 0.38 4.40 172 1.00 0.55
Cs43 10.10 1.63 0.46 6.00 1.50 0.99 1.56
cs17 5.07 2.00 0.65 1.7 1.63 8.02 0.12
Cs22 13.20 2.02 035 16.40 1.64 2.58 0.93
D907 8.78 1.91 0.45 5.70 1.58 1.03 0.75

TiO,/dye/electrolyte interface (R;) and shows diode like behavior.
The charge transfer resistance (Ry:) must not be confused with the
electron or charge transport resistance (R;) as these terms are used
to describe the real part of two different impedances which are
represented by two different semicircles [37]. The semicircle at the
low frequency, which is attributed to the diffusion of redox species
in the electrolyte (Rq;if), was small and not well formed indicating a
fast diffusion. Finally, the intercept of the horizontal axis stands for
the resistance of the sheet resistance of the FTO substrate and the
contact resistance of the FTO/TiO, (Ry) [38,39].

The total series resistance of the cell can be calculated using
Eq. (1):

Rs = Ry + Rpe + Ryjs (1)

The semicircles at the Nyquist plots are obtained from a
frequency scan through a wide range of high, intermediate and low
frequency [40]. Thus, the Bode phase plots also features three
characteristic frequency peaks corresponding to each of the
Nyquist characteristic peaks.

The equivalent circuits which were used to fit the experimental
data are presented in Fig. 8. For electrodes having a rough surface
the capacitance element in Fig. 8 is replaced by a constant phase
element (CPE, Q) which depends on the parameters Y, and N [41].
According to instrument software’s manual Y, is the admittance of
an ideal capacitance while N is an empirical constant ranging from
0 to 1. It is possible to convert a CPE element, which is in parallel
with a resistance, to a pseudo capacitance using Eq. (2).

Cpseudo = Ylo/N : R(%il) (2)

As shown from Eq. (2) for N=1 the CPE element describes a pure
capacitor while for N=0 an ideal resistor. Moreover for N=0.5 the
CPE element is equivalent to the Warburg element often used to
describe the diffusion in the electrolyte. It is generally though to
arise from the lack of homogeneities in the electrode-material
system. The fitted parameters are presented in Table 3. The values
of Rpr, Cpe Rair and Cgir were almost invariable as all cells were
fabricated using the same electrolyte solution and the same type of
counter electrode. The main variation was observed in Ry, and C,
values. Cells with less dye adsorbed, exhibit an increased charge
transport resistance at the TiO,/dye/electrolyte interface. A small
R;; value with a simultaneous high C, value denotes a fast charge

Table 4

Electron lifetime derived from electrochemical impedance spectroscopy
Complex f (Hz) Tn (MS)
CS27 27.00 5.89
CS28 19.66 8.10
CS32 26.91 591
CS43 19.11 8.07
CS17 29.38 5.42
CS22 30.33 5.25
D907 19.69 8.08

transport at the interface of TiO,/dye/electrolyte, which explains
the better overall performance of the cells sensitized with the dyes
CS32, CS28, CS43 and D907 [42].

The electron lifetime T, in DSSC is of great importance to
determine the recombination dynamics in the cell. The electron
lifetime of all the cells was calculated using Eq. (3), where f is the
mid-frequency peak from the Bode phase plots.

1
P (3)

The electron lifetime for the cells with CS28 was slightly higher
than the ones with D907. Particularly, as shown in Table 4, the
electron lifetime was 8.10 and 8.08 ms for the cells with CS28 and
D907 respectively which sounds as an improvement to the cells
employing newly synthesized CS28 dye.

Tn

Table 5
Electron diffusion length derived from electrochemical impedance spectroscopy.
Complex L, (m)
Rtr
Ruif
CS27 6.91 13.15
CS28 4.98 11.16
CS32 4.00 10.49
Cs43 6.06 12.31
CS17 1.46 6.04
CS22 6.36 12.61
D907 5.53 11.76

Electron collection efficiency is vitally important to determine the
photovoltaic performance of a DSSC. Electron collection in the
conducting substrate can be described in terms of electron
diffusion length, L,. Using the electrochemical parameters from
the impedance results and the thickness of TiO, film, L, can be
thickness of the TiO, [43]. For a relatively ~5 micrometers thick
TiO; layer the data for all aforementioned solar cells employing the
new dyes are presented in Table 5. It is worth noting that most of
the cells made with the new dyes showed quite comparable results
with the cell employing commercial dye D907. The L, values were
calculated in the range of 10-13 micrometers.

calculated from the expression: L, =L - where L is the film

4. Conclusion

In this work, we reported the effect of pyridine and bipyridine
with different side groups in ruthenium dye complexes on
absorption and electrochemical properties. The obtained results
showed the branching of side groups was not important effect on
absorption and electrochemical properties. However, the more
conjugated character of bpy-bpy molecules resulted in an
increase in the molar extinction coefficient which improved cell
efficiency in DSSC applications compared to bpy-py molecules.
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The performance of the ruthenium complexes as photosensitizer
in quasi solid-state dye sensitized solar cells was studied under
the same conditions and bpy-bpy molecules showed almost the
same overall cell performance compared with D907. The cell
performance of CS28 was finally a slight better than
D907 exhibiting an overall conversion efficiency of 3.28%
compared to 3.26% of the commercial D907. However, a decrease
in cell performance was observed in the presence of pyridine for
CS17 and CS22 which was attributed to the poor adsorption of
these dyes in the TiO, mesoporous films and lower values for
extinction coefficients. The EIS characterization of the aforemen-
tioned cells with the six dyes showed lower values for local
resistance to charge transfer across the TiO,-electrolyte interface
for CS28 and CS32 bipyridine complexes (1.55/1.75 ohms respec-
tively) compared to D907 (1.91ohms). Furthermore, quite
comparable values for free electron lifetimes and electron
diffusion lengths for most of the cells employing new dyes and
commercial D907 were monitored.
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