44

Chemistry Letters Vol.38, No.1 (2009)

A Highly Efficient Dye-sensitized Solar Cell
Based on a Triarylamine-functionalized Ruthenium Dye
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A new ruthenium dye with an electron donating triarylamine
ligand, J8, has been synthesized as a highly efficient sensitizer
for a dye-sensitized solar cell, giving an overall conversion effi-
ciency of 7.2% in the preliminary tests.

Dye-sensitized solar cells (DSSCs) based on mesoporous
nanocrystalline TiO, films have attracted intensive interest for
scientific and industrial applications due to their high photo-to-
electricity conversion efficiency and low production cost.! Al-
though numerous sensitizers such as metal-free organic dyes’
and non-ruthenium metal dyes® have been employed, the best
energy conversion efficiency of up to 11% was achieved only
by using ruthenium dyes, such as N3, N719, and black dye4 in
standard global air mass 1.5 sunlight. To further increase the ef-
ficiency of these cells, much effort has been directed toward the
development of highly efficient solar sells based on ruthenium
dyes.> A recent strategy for identification of new ruthenium dyes
is to replace one of the 4,4'-dicarboxylic acid-2,2’-bipyridine
(dcbpy) ligands of N3 with a highly conjugated ancillary ligand.
This strategy has two main disadvantages: (i) one is a relatively
low adsorption of dye molecules onto the TiO, particles, and (ii)
another is that the electron excited on the highly conjugated an-
cillary ligand is not effectively injected into the electrode be-
cause it is not directly connected to the TiO, particles.® These
cause a lower conversion efficiency (<11%) of the DSSCs.

Here, we introduced a new triarylamine derivative as the
highly conjugated ancillary ligand, which has attracted great in-
terest because of excellent hole-transport capabilities.” The or-
ganic dyes including the triarylamine moieties are also known
to exhibit highly efficient conversion of solar energy into elec-
tricity.® Based on the above considerations, we have designed
a novel ruthenium dye J8 (see Inset of Figure 1) consisting of
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Figure 1. Comparison of the calculated (dashed line) and ex-
perimental (solid line) absorption spectra of J8. The inset is
the molecular structure of J8.

dcbpy (which acts as the electron acceptor and anchoring li-
gand), thiocyanato ligands, Ru metal acting as an electron donor,
and a triarylamine ligand as an electron donor. Furthermore, the
methoxy and fert-butyl substituents on arylamine not only are
capable of tuning the HOMO and LUMO energy levels of the
dyes and provide directionality to the efficient electron transfer
from the excited dye to the TiO, conduction band® but also sta-
bilize device performance under long-term light soaking and
thermal stress.!”

J8 was prepared in a one-pot synthesis, and characterized us-
ing NMR, ESI-TOFMS, and FTIR spectroscopies and elemental
analysis.!! The absorption spectrum of J8 is shown in Figure 1.
The spectrum is dominated by two absorption features at 381 nm
(147 x 10°M~'em™!) and 514nm (9.6 x 103M~'ecm™)
in the visible region and by a strong feature at 300nm
(49.4 x 10° M~ cm™") in the UV region. The absorption spec-
trum of J8 adsorbed on TiO, electrodes is similar to the corre-
sponding solution spectrum, although they exhibit a red shift
due to the interaction of the anchoring groups with the surface
titanium ions.

The ionization potential of J8 on TiO, electrode was meas-
ured on a Riken Keiki AC-2 instrument. The ionization potential
is —5.1eV, which is 0.3 eV more negative than the potential of
the iodide/triiodide redox couple in the electrolyte, providing a
large thermodynamic driving force for sensitizer regeneration by
iodide. The emission maxima of J§ appeared at 712 nm. The ex-
cited-state oxidation potential derived from the ionization poten-
tial and the zero—zero excitation energy is —3.3eV, which is
0.6 eV more positive than the TiO, conduction band, providing
an efficient electron transfer from the excited dye to the TiO,
conduction band.

To gain insight into the geometric, electronic, and optical
properties of the ruthenium sensitizers, DFT and TD-DFT calcu-
lations have been intensively investigated. The molecular orbital
energy diagrams calculated for J§8 are shown in Figure 2. The
three highest occupied molecular orbitals (HOMO, HOMO—1,
and HOMO-2) have essentially ruthenium tp, character with a
significant contribution originating from the NCS ligand orbi-
tals, which are mixed in an antibonding arrangement with the
metal states. The three lowest unoccupied molecular orbitals
(LUMO, LUMO+1, and LUMO+-2) are localized homogene-
ously on the dcbpy anchoring ligand. The excited electrons are
directly transferred to TiO, through these orbitals. Similar loca-
tions of LUMO, LUMO+1, and LUMO+-2 are also found in N3,
N719, and black dye.12 However, for the other Ru complexes,
the three lowest unoccupied molecular orbitals are localized
on the two different ligands.'* A comparison between calculated
and experimental absorption spectra of J§ is shown in Figure 1.
Surprisingly, the calculated and experimentally determined ab-
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Figure 2. Isodensity surface plots and MO energies of the fron-
tier orbitals of J§.

sorption positions and their relative intensities are in good agree-
ment. The TD-DFT calculation predicts the existence of two ab-
sorption bands in the visible region originating from the MLCT
transitions from Ru(NCS) to the anchoring ligand dcbpy,
through which the exited electrons are directly transferred to
TiO.

The inset of Figure 3 shows the incident monochromatic
photo-to-current conversion efficiency (IPCE) for J8. The IPCE
data of J8 exceeds 70% in a spectral range from 395 to 645 nm,
and the IPCE data plotted as a function of excitation wavelength
exhibits a strikingly high efficiency of 86.5%. The photocurrent
density—photovoltage curve is shown in Figure 3 and the detailed
device parameters are listed in Table 1. Under standard global
AM 1.5 solar conditions, the J8-sensitized solar cell produces
a short circuit current density (Ji.) of 17.3mA cm~2, an open-
circuit photo-voltage (Vo) of 640mV, and a fill factor (FF) of
0.65, corresponding to an overall conversion efficiency (1) of
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Figure 3. Photocurrent density—photovoltage curve of J8 under
AM 1.5 G radiation (100 mW cm™2) (0.6 M 2,3-dimethyl-1-pro-
pylimidazolium iodide, 20 mM iodine, 0.1 mM Lil, and 0.5 M 4-
tert-butylpyridine in acetonitrile). The inset is the incident pho-
to-to-current conversion efficiency spectrum for dye-sensitized
solar cells based on J8.
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Table 1. Photovoltaic performance of the dye-sensitized solar
cell based on J8, as compared to the N719 dye

Dye Voc/V Jsc/mA cm™2 FF n/%
J8 0.64 17.3 0.65 7.2
N719 0.66 17.5 0.70 8.0

7.2%. These values are close to those of the N719-sensitized so-
lar cell. Further optimization of the cell parameters to take the
full potential of these new sensitizers is underway.
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