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A Thiophene-Based Anchoring Ligand and Its Heteroleptic
Ru(l1)-Complex for Efficient Thin-Film Dye-Sensitized

Solar Cells

Amaresh Mishra,* Nuttapol Pootrakulchote, Mingkui Wang, Soo-Jin Moon,
Shaik M. Zakeeruddin,* Michael Griitzel * and Peter Bcuerle*

A novel heteroleptic Ru'" complex (BTC-2) employing 5,5’-(2,2"-bipyridine-
4,4’-diyl)-bis(thiophene-2-carboxylic acid) (BTC) as the anchoring group and
4,4- dinonyl-2,2"-bipiridyl and two thiocyanates as ligands is prepared. The
photovoltaic performance and device stability achieved with this sensitizer
are compared to those of the Z-907 dye, which lacks the thiophene moie-
ties. For thin mesoporous TiO, films, the devices with BTC-2 achieve higher
power conversion efficiencies than those of Z-907 but with a double-layer
thicker film the device performance is similar. Using a volatile electrolyte

and a double layer 7 + 5 um mesoporous TiO, film, BTC-2 achieves a solar-
to-electricity conversion efficiency of 9.1% under standard global AM 1.5
sunlight. Using this sensitizer in combination with a low volatile electrolyte, a
photovoltaic efficiency of 8.3% is obtained under standard global AM 1.5 sun-
light. These devices show excellent stability when subjected to light soaking
at 60 °C for 1000 h. Electrochemical impedance spectroscopy and transient
photovoltage decay measurements are performed to help understand the
changes in the photovoltaic parameters during the aging process. In solid
state dye-sensitized solar cells (DSSCs) using an organic hole-transporting
material (spiro-MeOTAD, 2,2’,7,7"-tetrakis-(N,N-di-p-methoxyphenylamine)-
9,9’-spirobifluorene), the BTC-2 sensitizer exhibits an overall power conver-
sion efficiency of 3.6% under AM 1.5 solar (100 mW c¢m™) irradiation.

photovoltaic applications by virtue of their
low manufacturing costs and good conver-
sion efficiencies.'?) Numerous sensitizers
have been prepared and their perform-
ance has been tested. DSSCs with power
conversion efficiencies over 10% under
AM 1.5 irradiation were initially demon-
strated using prototype cis-di(thiocyanato)-
bis[2,2"-bipyridyl-4,4’-dicarboxylic acid]
ruthenium(II) N3, its bis-tetrabutylam-
monium (TBA) salt counterpart N719,
or the black dye [tri(thiocyanato)-(4,4",4”-
[2,2":6",2"-terpyridine] tricarboxylic acid]
ruthenium(Il) as sensitizers in combina-
tion with thicker titania films (>12-15 um)
and volatile electrolytes.”) In DSSCs, the
sensitizer is one of the critical components
because it absorbs sunlight and induces
intramolecular charge transfer from the
ancillary to the anchoring ligand with
subsequent electron injection to the TiO,
via the carboxylic acid groups. Then, the
electron is transported to and collected
at an electrode. Subsequent hole transfer
from the oxidized dye to I7/I; takes place,

1. Introduction

Since the first report of a mesoscopic TiO,-based dye-sensitized
solar cell (DSSC) by O’Regan and Gritzel in 1991, this solar cell
architecture has emerged as a promising candidate for practical
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where the hole is transported to and col-

lected at the counter electrode.!! For an
efficient DSSC, optimization of the short-circuit photocurrent
(Jsc) and open-circuit potential (Vo) of the cell is essential.
Generally, V¢ is the difference between the quasi-Fermi level
of the electrons under illumination in the TiO, and the redox
potential of I7/I;~. On the other hand, Jc is related to the inter-
action between TiO, and the sensitizer, as well as the spectral
response and molar extinction coefficient of the sensitizer.

To enhance the power conversion efficiencies of DSSCs, it is
imperative to design novel sensitizers that exhibit an enhanced
molar absorptivity in combination with a red-shift of the met-
al-to-ligand charge transfer (MLCT) transitions. Extension of
the m-conjugation of the ancillary ligand and/or the anchoring
ligand was found to improve the spectral response of corre-
sponding ruthenium sensitizers.’l Thus, efforts were recently
made by incorporating thiophene derivatives into the ancil-
lary bipyridine ligand in order to increase the molar extinction
coefficient of the ruthenium dyes and to enhance their light-
harvesting capacity as well as the spectral response.! With
highly absorbing sensitizers it is possible to use thinner TiO,
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films to reduce recombination losses in order to generate high
photocurrents.

We recently reported a novel anchoring ligand and its
homoleptic ruthenium complex BTC-1 composed of thiophene
as an extended m-conjugated system in which the carboxylic acid
groups are attached to the thiophene units.’! This new strategy
allowed us to obtain a red-shift of the MLCT absorption band
together with an increased molar extinction coefficient of the
sensitizer. Here, we present a novel amphiphilic heteroleptic
Ru'! complex, referred to as BTC-2, in which the 7-conjugation
of the anchoring ligand is extended by incorporating thi-
ophene units between the bipyridine and carboxylate groups.
4,4’-Dinonyl-2,2"-bipyridine is used as ancillary ligand. The
advantage of amphiphilic sensitizer is to have a hydrophobic,
compact monolayer on top of TiO, film such that there will be
no water-induced dye desorption from the TiO, surface. This is
the first time that an amphiphilic dye incorporating thiophene
units in the anchoring ligand is presented. BTC-2 has a higher
molar absorption coefficient compared to standard counterpart
Z-907, and its power-conversion efficiency (about 6%) is higher
than that of Z-907 in 3-um thin TiO, films under the same cell
fabrication and measurement conditions. This also corrobo-
rates well with the increased molar absorptivity and enhanced
spectral response of the dye in the red wavelength region.

2. Results and Discussion

2.1. Synthesis

The new BTC-2 sensitizer, in which the anchoring carboxylic
acid group is attached to a thiophene moiety, was prepared
according to Scheme 1. The synthesis of acid 1 was recently
reported.’l The heteroleptic amphiphilic complex BTC-2 was
prepared in a typical one-pot procedure starting from reaction
of 4,4’-dinonyl-2,2"-bipyridine and di-u-chloro(p-cymene)
ruthenium(Il) dimer in dimethylformamide (DMF) followed by
reaction with ligand 1 and ammonium thiocyanate. The crude

1. 4,4'-dinonyl-2,2'-bipyridine,
G, &l 75°C, 5 h, dark
P X
~Ru Ru—~

of \ Oy
cl

HOOC =

145°C, 5 h, dark

3. NH4NCS (excess),
135°C.5h

Scheme 1. Synthesis of the amphiphilic sensitizer BTC-2.

BTC-2
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Table 1. Optical and electrochemical data of BTC-2 and Z-907 measured
in DMF (HOMO/LUMO vs Fc/Fc*,,. = —5.1 eV).

Dye Aws[tM A Eo  Ees HOMO LUMO  AE
(e[Lmol™  [nm] \Y| V] [eV] [eV] [eV]
cm™))

BTC-2 548 (16000) 805 020 -1.90 -522 -330 192
422 (16 200)
341 (33 700)
299 (57 500)
Z-907 526 (12 200)
370 (12 300)
)

298 (50 700

760 0.26 -210 =528 -3.11 217

complex was dissolved in basic methanol solution and purified
on a Sephadex LH-20 column using methanol as eluent. The
structures were verified by 'H NMR, 3C NMR, and elemental
analysis.

2.2. Steady-State Spectroscopy

The absorption and emission maxima of BTC-2 measured in
DMF solution are summarized in Table 1 and compared to pro-
totype complex Z-907. The absorption and normalized emis-
sion spectra are displayed in Figure 1. Complex BTC-2 showed
broad absorption bands in the 300 to 750 nm region. The two
high-energy bands at 299 and 341 nm arise due to intraligand
n-7" transitions. The lower energy part of the absorption spec-
trum of the complex is dominated by MLCT transitions with
maxima at 422 and 548 nm. A red-shift of about 28 nm was
observed for the lowest energy MLCT band of BTC-2 compared
to the standard Z-907 sensitizer because of the extension of
m-conjugation in the anchoring ligand and an increased highest
occupied molecular orbital (HOMO) energy level. The low
energy MLCT absorption band at 548 nm of the BTC-2 dye has a
molar extinction coefficient of 1.6 X 10* Lmol ™
cm™!, which is higher than the corresponding
value for Z-907 (1.2 x 10* L mol™? cm™).
Importantly, an increase of about 30%
of the molar extinction coefficient was
observed for the longest wavelength MLCT
band as a consequence of the insertion of thi-
ophene units to the ligand compared to Z-907
sensitizer. The emission data of the dyes
were obtained in an air-equilibrated DMF
solution at 298 K by exciting at the respective
low energy MLCT absorption band, showing
a weak emission maximum at 805 nm for
BTC-2 and at 760 nm for Z-907.

2.3. Electrochemical Studies

Figure 2 shows typical cyclic voltammo-
grams of BTC-2 and Z-907 in a DMF solu-
tion containing 0.1 M TBAPF; as supporting
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Figure 1. Absorption and emission spectra of BTC-2 (triangles) and
Z-907 (circles) in DMF.

electrolyte. When the potential is scanned between —0.2 and
1.0 V, chemically reversible redox waves with formal potentials
at 0.20 and 0.26 V (vs ferrocene/ferrocenium (Fc*/Fc)) were
observed, which can be attributed to the one electron oxidation
of ruthenium center in both dyes. Compared to the standard
Z-907 dye, the metal center oxidation of BTC-2 is cathodically
shifted by 60 mV indicating the electron-rich character of the
new ligand as a result of the insertion of thiophene units.
A reversible reduction wave at -1.90 V (vs Fc'/Fc) can be
assigned to a one electron reduction of the anchoring ligand.
The cathodic potential of BTC-2 is 200 mV more positive than
that of Z-907. HOMO and lowest unoccupied molecular orbital
(LUMO) energy levels of BTC-2 and Z-907 were determined
from the onset of the first oxidation and reduction potential and
are presented in Table 1.

Furthermore, for a highly efficient sensitizer in DSSCs, the
LUMO energy level should be compatible with the conduction
band edge energy of the TiO, photoanode (—4.0 eV vs vacuum)
and its HOMO should be sufficiently low in energy to accept
electrons from the I7/I;"-based redox electrolyte (—4.83 eV vs
vacuum). The HOMO level of BTC-2 was determined to —5.22
eV and the LUMO level was -3.30 eV. Overall, the HOMO-
LUMO band gap of BTC-2 (E, = 1.92 eV) is approximately 250
meV smaller compared to Z-907 (E, = 2.17 eV), which is also
reflected in the red-shift of the absorption spectrum. It was
found that the HOMO energy levels of BTC-2 match well with
the redox potential of I7/I;~ allowing regeneration of the dye
cation. The LUMO level of the dye is much more negative than
the conduction-band edge of TiO,, thus providing a thermody-
namic driving force for efficient electron injection. Therefore,
the red-shifted absorption and higher molar extinction coef-
ficient of BTC-2 together with the well-matched energy levels
should lead to a better conversion efficiency than the Z-907
sensitizer.

To further confirm the electron distribution of the HOMO
and LUMO, we optimized the geometry of the BTC-2 sensitizer
using a semiempirical calculation (ZINDO/1) and the results
are displayed in Figure 3. The electron density in the HOMO
is uniformly distributed over the thiocyanate (NCS) groups and
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the Ru'! center.l®l However, the electron density in the LUMO is
mainly localized at the anchoring ligand, through which elec-
tron injection into the TiO, conduction band occurs.

2.4. Photovoltaic Performance

The photovoltaic performance of the sensitizers, i.e., the inci-
dent photon-to-current conversion efficiency (IPCE) and the
photocurrent-voltage (J-V) curve, was assessed in test devices
using standard mesoporous 7+5 um thick TiO, films and a vol-
atile acetonitrile-based electrolyte (Figure 4). Using 4-guanidino
butyric acid (GBA) as a co-adsorbent the BT'C-2-sensitized cell
provided a short-circuit current density (Jsc) of 16.1 mA cm™,
a open circuit voltage (Vo) of 0.75 V, and a fill factor (FF) of
0.74, yielding an overall power conversion efficiency (1) of 9.1%
under standard global AM 1.5 sunlight. The corresponding
IPCE spectrum showed a plateau of over 80% from 455 to
620 nm, with the maximum of 85% at 550 nm. The Js¢c agrees
with the value calculated from the overlap integral of the IPCE
spectrum with standard AM 1.5G solar emission spectrum
showing that the spectral mismatch is less than 2%.

To demonstrate the potential of the BTC-2 compared to the
prototype dye, Z-907, which lacks the thiophene moieties in the
anchoring groups, devices were prepared under identical condi-
tions using the Z946 electrolyte with two mesoporous TiO, films
of different thickness. The photovoltaic parameters of these
devices are shown in Figure 5 and the data are summarized in
Table 2. It is evident that the Jsc values obtained with a 3-um-
thin TiO, film sensitized with the BTC-2 dye are 18% higher
than those of the corresponding devices prepared with Z-907
dye. As the TiO, film thickness increases from 3 um to 5 um,

24 20 -16 -12 -08 -04 00 04
O.SPAI

——BTC-2

24 20 -16 -12 -08 -04 00 04

E [V] vs. Fc/Fc'

Figure 2. Cyclic voltammograms of BTC-2 (triangles) and Z-907 (cir-
cles) (1 x 1073 mol L' in DMF). Tetrabutylammonium hexafluorophos-
phate (TBAPFg; 0.1 m in DMF) is used as supporting electrolyte. All scan
rates were 100 mV s~'. The potentials were internally referenced to the
ferrocene/ferrocenium (Fc*/Fc) couple.
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HOMO

LUMO

Figure 3. Graphical representation of the frontier orbitals (ZINDO/1 cal-
culation) of BTC-2 (hydrogens are omitted for clarity).

the Jsc values of devices using BTC-2 are approximately 10%
higher than those of the corresponding Z-907 dye. With a double
layer film (7 + 5 wm) a beneficial influence of the high molar
extinction coefficient of sensitizer BTC-2 over Z-907 on the short
circuit photocurrents was not observed because it was nullified
by the presence of reflecting particles in the double layer struc-
ture TiO, film and practically the same values were obtained.
The long-term stability of a device is a crucial parameter for
its practical application in photovoltaics. To demonstrate the
potential of the BTC-2 dye, devices based on BTC-2 were opti-
mized by using a double-layered TiO, film (7+5 um) sensitized
with BTC-2 and GBA as a co-adsorbent, in conjunction with
a low-volatile electrolyte based on 3-methoxypropionitrile as a
solvent. The device B provided a Jsc of 15.1 mA cm™2, a V¢
of 0.74 V, and a FF of 0.74, yielding an overall efficiency, 1, of
8.3% under standard global AM 1.5 sunlight. In order to explore
the stability of device B, the cell covered with a 50-um-thick
polyester film, which acted as a UV cut-off filter for the
accelerated test, was illuminated with visible light (1 sun;
100 mW cm™2) at 60 °C. After 1 000 h of light soaking and
thermal stress, the photovoltaic parameters Jsc, Voc, and FF
of the cell were slightly changed to 15.0 mA cm™, 0.71 V, and
0.74, respectively, retaining 96% of its initial ) value (Figure 6).
In order to understand the changes in the photovoltaic
parameters during the ageing process, impedance spectral
analysis was carried out with fresh and aged devices. Imped-
ance analysis was likewise utilized to monitor the photovoltaic
parameter changes in various devices.”~1% Figure 7a presents
the effect of the applied voltage (U) on the electron transport
resistance R, under dark conditions for various devices. The
electron transfer resistance depends on the density of electrons
(1) in the conduction band (CB) and the mobility (u., the free
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Figure 4. a) Photocurrent density—voltage (J-V) characteristics of a device
using BTC-2 as sensitizer and GBA as a co-adsorbent (open circles) under
AM 1.5G illumination (100 mW cm2). Dark current is shown as filled
circles. b) IPCE spectrum of the same device. Electrolyte composition
(2984): 1,3-dimethylimidazolium iodide = 0.6 m, iodine = 0.03 wm, tert-
butylpyridine = 0.5 m, Lil = 0.05 m, guanidinium thiocyanate = 0.1 m, in an
acetonitrile:valeronitrile mixture (85:15 v/v). TiO, film contains a double
layer with film thickness 7 + 5 um.

electrons diffusion coefficient according to the Einstein rela-
tion on diffusion of charged particles).”!!l The R, data from the
fresh device B are shifted downward (+30 mV) from those of
the fresh device A, which is caused by a shift in the conduction
band edge of TiO,, E, towards higher values in fresh device
B.I°) Without considering the change in electron mobility (i),
in case of the fresh device B, an upward shift of E,, by approxi-
mately 88 mV with respect to the Fermi level of the redox
couple was observed compared to that of the aged sample using
the same electrolyte. Figure 7b presents the capacitance (C,)
versus R, Note that an identical resistance means that if the
difference in charge mobility is ignored, an equal number of
electrons, i.e., the same distance between Fermi level (Eg) and
E, was assumed.

Device B, and in particular the aged device B, showed an aug-
mented chemical capacitance, indicating that more trap states
were produced during light soaking and thermal stress, inferring

Adv. Funct. Mater. 2011, 21, 963-970
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Figure5. J—V characteristic of a) a device using BTC-2 and Z-907 sensitizers
and GBA as a co-adsorbent under AM 1.5G illumination (100 mW cm™2).
b) IPCE spectra of the same device. Electrolyte composition (Z946):
1,3-dimethylimidazolium iodide = 1.0 m, iodine = 0.15 m, N-butyl benzimi-
dazole = 0.5 m, guanidinium thiocyanate = 0.1 m, in 3-methoxy propioni-
trile. TiO, film contains a transparent layer of 3 um thickness.

that yt. in the aged device could have an influence on the electron
transfer resistance. Figure 7c presents the overall recombina-
tion resistance (R) for the charge transfer at the TiO,/eletrolyte
interface with R.['2l The fresh device B has largest R.; compared
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Figure 6. Evolution of the photovoltaic parameters (Jsc, Voc, FF, and 1)
for the device based on a 7+5-um-thick TiO, double layer film sensitized
with BTC-2 in the presence of GBA (1:1 molar ratio) as the co-adsorbent
and low volatility liquid electrolyte.

to the aged device at an identical R,. This result can be attrib-
uted to the formation of a more compact monolayer on the filni's
surface when GBA is cografted compared to that formed in the
presence of sensitizer alone. After light soaking, the R, values of
the aged device became similar to those of the fresh device A. All
devices have a larger value of R than R,, indicating an effective
collection of photogenerated charge carriers in the dye-sensitized
heterojunction. A slightly decreased apparent electron diffusion
coefficient (D, = d/R,C,, where d is the film thickness) in the
devices B was observed and is illustrated in Figure 7d. This indi-
cates that the GBA has a small influence on the electron trans-
port in the TiO, nanoparticles, which might be due to the crea-
tion of surface states. For the aged sample, a large decrease in
the apparent electron diffusion coefficient was observed under
identical R,, clarifying the influence of the light soaking and
thermal stress on the dye-sensitized TiO, nanocrystalline film.

Table 2. Photovoltaic parameters of devices with TiO, films of various thicknesses. Device A: without co-adsorbant and device B: with co-adsorbant.

Dye Device Co-adsorbent Electrolyte TiO, [um] Jsc [mA cm™) Voc [V] FF n[%]

BTC-2 B GBA (1:1) 7984 7+5 16.1 0.75 0.74 9.1
A 7946 7+5 14.8 0.71 0.72 7.6
B GBA (1:1) 7946 7+5 15.1 0.74 0.74 83
B GBA (1:1) 7946 3 10.5 0.75 0.71 5.7
B GBA (1:1) 7946 5 12.7 0.75 0.73 7.0

Z-907 A 7946 7+5 14.8 0.70 0.71 7.5
B GBA (1:1) 7946 3 8.9 0.81 0.74 5.4
B GBA (1:1) 7946 5 m1 0.80 0.74 6.6

Adv. Funct. Mater. 2011, 21, 963-970

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

wileyonlinelibrary.com 967

“
G
F
F
>
v
m
~




-
™
s
[
-l
wl
=
™

968  wileyonlinelibrary.com

a) 10°y b)
o] %
E '..
e
103' " "o 1_7"
L] an v
L v : IE “v
§ 100 v 1, 7 e 7
9' L A é -...
> v " .
[v4 101_ b U: -. ..
* 0.1 o
10°4 .
10" Frrerrrrrrerrrreeree PP Pt
030405060708 10° 10" 10° 10° 10
2.
uvl R, [Wcm’]
c) 10*; d)
] 1~
| 10™ 4 '
L ] V.
; ve )
— 1077 b &
~ 1 w — v ..
5 ‘0 107+ v .
G | § o~ ) o
‘_:"5 v .E. Yoe,
14 =
10°d « of ve
. 10° 4 ve
v .'
10' 107

10% 10! 10* 10 10
R, [©cm’]

10° 10" 10* 10° 10°
R, [@ cm’]

Figure 7. Derived equivalent circuit components obtained from imped-
ance measurements under dark conditions at 20 °C as a function of
electron transfer resistance for three different devices sensitized with
m: BTC-2, the fresh device A and e,v: BTC-2/GBA, the fresh device B and
aged device B. a) Electron transport resistance R, of the TiO, film, b)
chemical capacitance (C,), c) recombination resistance (R), and d) elec-
tron diffusion coefficients (D,).

Figure 8a shows the charge density versus voltage plot for the
fresh and aged device under full sunlight soaking at 60°C (device
B). The photovoltage of the DSC is determined by the ratio
of the values of free electron concentration in the TiO, film in
the dark and under illumination.**13 The leftward shift (about
40 mV at the extracted charge density of 1 x 10'® cm™) in the
charge density curve (the aged sample) can be interpreted as a
downward movement (approximately a factor of 4.8) of the TiO,
energy levels relative to the electrolyte. The lower band edge
potential creates a larger driving force for the electron injection
from the sensitizer; thus, a larger photocurrent was obtained in
the aged sample as illustrated by the photovoltaic characteristics.
Figure 8b shows the electron lifetimes for the fresh and aged cells
plotted versus charge density. At an indicated charge density (1 x
10'8 cm™ for instance), the electron lifetime for the fresh device is
about 1.7 times larger than for the aged one (0.1 ms vs 0.06 ms).
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Figure 8. Transient photovoltage decay measurements of the fresh and
aged devices with BTC-2 and GBA (1:1 molar ratio): the effect of light
soaking on the relationship a) between the photoinduced charge density
and open circuit voltage and b) between the recombination lifetime and
the photoinduced charge density.

In addition to liquid electrolytes solid-state (ss) devices with
BTC-2 and Z-907 sensitizers using GBA as a co-adsorbent
were prepared. In ss-devices the sensitizer BTC-2 with
2,27,7,7 -tetrakis-(N,N-di-p-methoxyphenylamine)-9,9’-
spirobifluorene (spiro-MeOTAD) as hole transport material
gave superior photovoltaic performance compared to Z-907
using ultrathin mesoporous TiO, films (2 um). The device with
BTC-2/GBA and a 50-nm-particle TiO, film (2 um) showed a
Jscof 7.5 mA cm™2, a Ve of 0.80 V, and a FF of 0.60, resulting
in a n value of 3.6%. Under similar conditions a device based
on Z-907/GBA gave Js¢, Voc, FF, and 1 values of 6.0 mA cm~2,
0.82V, 0.60, and 3.1% at full sun light intensity. The advantage
of the high molar extinction coefficient of the BTC-2 dye is
reflected in an increased Js¢ value by approximately 25% com-
pared to Z-907 dye.

3. Conclusion

In summary, we have successfully developed a new heteroleptic
ruthenium sensitizer BTC-2 in which the anchoring carboxylic
acid groups are attached to the thiophene units. The attachment
of anchoring groups to the thiophene units lowered the LUMO
energy level of the sensitizer. Extending the m-conjugation
of the anchoring ligand increased the device performance in
thin films as a result of the increased molar absoptivity and
enhanced spectral response in the red wavelength region. Using
3-um-thin mesoporous TiO, films, the device with BTC-2 sensi-
tizer achieved a higher solar-to-electricity conversion efficiency
of 5.7% compared to 5.4% for Z-907 using low-volatile electro-
lyte and GBA as co-absorbent. Thicker films that employed a
light scattering double layer structure showed 8.3% efficiency
for sensitizer BTC-2 in combination with a low-volatile elec-
trolyte that showed excellent stability measured under light-
soaking at 60 °C. Electrochemical impedance spectroscopy

Adv. Funct. Mater. 2011, 21, 963-970
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and transient photovoltage decay measurements revealed that
the electron lifetime was reduced after long-term light soaking
and the conduction band level of TiO, film was shifted down-
ward. Furthermore, BTC-2-sensitized ss-devices showed a 16%
increase in cell efficiency compared to Z907-sensitized cells,
which is attributed to the increase in light harvesting efficiency
and evidently improved net charge injection efficiency (Js¢c). We
believe that this work will contribute to the development of new
anchoring ligands capable of enhancing the performance of
Ru-based DSSCs.

4. Experimental Section

Ru(5,5"-(2,2-bipyridine-4,4-diyl)dithiophene-2-carboxylic acid) (4,4’-dinonyl-
2,2"-bipyridine) (NCS) , Sodium Salt (BTC-2): RuCl, (p-cymene), (112.4 mg,
0.184 mmol) and 4,4’-dinonyl-2,2"-bipyridine (150 mg, 0.367 mmol) were
taken in a Schlenk tube and dissolved in dry DMF (30 mL). The reaction
mixture was heated to 60°C under argon for 4 h with constant stirring.
Subsequently, ligand 1 (150 mg, 0.367 mmol) was added to this reaction
flask and the reaction mixture was heated in the dark at 140°C for 4 h.
Finally, an excess of NH4;NCS (837 mg, 11.0 mmol) was added to the
reaction mixture and the heating continued for another 4 h. The reaction
mixture was cooled to room temperature and the solvent was removed
by using a rotary evaporator under vacuum. Water was added to the
flask and the insoluble solid was collected on a sintered glass crucible by
suction filtration. The solid was washed with distilled water and diethyl
ether and then dried under vacuum. The crude complex was dissolved
in methanolic sodium hydroxide solution and purified on a Sephadex
LH-20 column with methanol as the eluent. The collected main band
was then slowly titrated with an acidic methanol solution (HNO3) to
pH 4.8 to isolate BTC-2 complex. The precipitated dye was collected on
asintered glass crucible by suction filtration and dried. "H NMR (400 MHz,
d,-MeOH, &): 0.8 (t, 3H), 0.85 (t, 3H), 1.1-1.5 (m, 24H), 1.57 (m, 2H),
1.82 (m, 2H), 2.65 (t, 2H), 2.91 (t, 2H), 7.12 (dd, J = 5.76, 0.93 Hz,
1H), 7.48 (d, J = 5.73 Hz, 1H), 7.54 (d, J = 2.20 Hz, TH), 7.76 (d, J =
3.55 Hz, TH), 7.83 (dd, J = 5.61, 0.96 Hz, 1H), 7.88 (d, | = 3.53 Hz,
1H), 8.03 (d, | = 3.84 Hz, 1H), 8.24 (d, | = 3.90 Hz, 1H), 8.27 (dd, | =
5.91, 1.71 Hz, 1H), 8.54 (s, TH), 8.69 (s, TH), 9.03 (s, TH), 9.09 (d, | =
5.76 Hz, TH), 9.16 (s, 1H), 9.26 (d, ] = 5.91 Hz, 1H). Elemental Analysis
for CsoHssNgNaO4RuS,-2H,0 calculated. C, 54.98; H, 5.44; N, 7.69%,
found. C, 54.75; H, 5.45; N, 7.47%.

Device Fabrication: Screen-printed layers of TiO, particles were
employed as photoelectrodes in this study. A 3 to 11 pum thick
transparent film of 20-nm TiO, particles was printed on the fluorine
doped SnO, (FTO) conducting glass electrode (NSG, 10 Q cm™2) for use
as transparent films. For the double layer film, a 7 um transparent film
was first printed on FTO glass and subsequently coated with a 5-um-thick
second layer of 400 nm light-scattering anatase particles (CCIC, Japan).
The porosity was determined from Brunauer—-Emmett—Teller (BET)
surface area measurements to be 68% for the 20-nm TiO, transparent
layer and 42% for the 400-nm TiO, scatting layer. The detailed methods
for TiO, film preparation, device fabrication, and the photocurrent—
voltage measurements can be found in an earlier report.™ After
sintering at 500 °C and cooling to 80 °C, the sintered TiO, electrodes
were sensitized by dipping for 16 h into the dye solution (300 pm) in 10%
DMSO and acetonitrile and tert-butyl alcohol (volume ratio 1:1) mixture,
with 300 pm GBA as a co-adsorbent. For the high-performance device,
an acetonitrile-based electrolyte 2984 (0.6 m 1,3-dimethylimidazolium
iodide (DMII), 0.05 wm Lil, 0.03 m Iy, 0.5 m tert-butylpyridine, and 0.1 m
guanidinium thiocyanate (GNCS) in the mixed solvent of acetonitrile
and valeronitrile (v/v, 85/15)) was used. For the solid-state devices,
a compact TiO, layer was first deposited onto the FTO substrate by
spray pyrolysis, then 50-nm TiO, particles were deposited by doctor-
blading to obtain a 2-um-thick mesoporous film. After sintering the
TiO, layers at 500 °C, the film was cooled to room temperature and
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immersed overnight in 0.02 m aqueous TiCl,. The film was then rinsed
with deionized water, annealed in air at 450 °C for 20 min and cooled
to 80 °C before immersing it in the above mentioned dye solution for
sensitization. The hole transporting material solution containing 0.17 m
spiro-MeOTAD, 0.11 mwm tert-butylpyridine, and 0.21 mm LiN(CF;SO,),
in chlorobenzene was used. The solution was deposited onto the dye-
coated TiO, film, leaving it to penetrate into the pores of the TiO,layer
for 1 min prior to spin coating. Finally, a 50-nm-thick gold contact was
deposited onto the organic semiconductor to close the cell.

Physicochemical and Photovoltaic Performance Measurements: NMR
spectra were recorded on an Bruker Avance 400 spectrometer ("H NMR:
400 MHz) at 25 °C. Chemical shift values (6) are expressed in parts per
million using residual solvent protons (DMSO-dg: "H 8= 2.5 ppm and *C
6 =39.4 ppm) as an internal standard. Melting points were determined
using a BuchiB-545 apparatus. Elemental analyses were carried out on a
Heraeus CHN-O-S Rapid-F002 analysis system. Optical measurements
were carried out in 1-cm cuvettes with Merck (Germany) spectroscopic
grade solvents. Absorption spectra recorded on a Perkin Elmer Lambda
19 spectrometer and fluorescence spectra were recorded on a Perkin
Elmer LS 55 spectrometer. The emission spectra are fully corrected
for the photodetector response. Cyclic voltammetry experiments were
performed with a computer-controlled Autolab PGSTAT30 potentiostat
in a three-electrode single-compartment cell with a platinum working
electrode, a platinum wire counter electrode, and an Ag/AgCl reference
electrode. All potentials were internally referenced to the Fc/Fc* couple.
The photovoltaic performance of cells, as well as the device stability, was
measured using the methods reported in the literature.!

Transient Photoelectrical Measurements: In the transient photovoltage
decay experiments, different steady-state lights were supplied with a
homemade white-light-emitting diode array by tuning the driving voltage
and a red-light-emitting diode array controlled with a fast solid-state
switch to generate a perturbation pulse with a width of 50 ms. The pulsed
red- and steady-state white-lights were both incident on the photoanode
side of the testing cell. The pulsed red lights were carefully controlled
by the driving potential of the red diode array to keep the modulated
photovoltage below 10 mV. We used red light as a probe to generate a
photovoltage perturbation near the V¢ of the cell under the white light
and measured the voltage decay process thereafter. Normally, the decay
closely follows a monoexponential form, thus the recombination rate
constant can be extracted from the slope of the semilogarithmic plot.

Electrochemical impedance spectroscopy (EIS) measurements were
performed with an Autolab Frequency Analyzer setup, consisting of an
Autolab PGSTAT 30 (Eco Chemie B.V., Utrecht, The Netherlands) for
the production of small amplitude harmonic voltages and a frequency
response analyzer module.['%
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