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When an alkyl-functionalized metal-free organic dye (MK-2) was employed as a sensitizer, dye-
sensitized TiO; solar cells (DSSCs) fabricated with an ionic liquid (IL) electrolyte showed an energy
conversion efficiency of 7.6%, which was comparable to that with a volatile liquid electrolyte. This
contrasts with the case of DSSCs employing conventional Ru complex sensitizer (N719), whose
efficiency was decreased markedly when the electrolyte was replaced from the volatile to IL. As a
result, with the IL electrolyte, the conversion efficiency with MK-2 was higher than that with N719.
The result was mainly attributed to longer electron lifetime in the DSSCs with MK-2. The longer
electron lifetime is remarkable because with conventional volatile electrolyte, the lifetimes with
many organic dyes including MK-2 were shorter than that with N719. This high compatibility of
MK -2 with the IL electrolyte shows that the molecular modification of organic dyes can overcome the
both disadvantages of ILs and organic dyes, mostly originated from their high viscosity and from
the short electron lifetime observed with volatile electrolyte, respectively. Long-term stability of the
DSSCs with MK-2 and the ionic electrolyte was also investigated, showing the efficiency of more than

7% for 2000 h under 1 sun conditions.

Introduction

Dye-sensitized solar cells (DSSCs), employing nano-
porous electrode developed by Gritzel and co-workers,
have been attracting considerable attention in industrial
and academic circles because of their potential of low
cost and high efficiency.! High solar-to-electric power
conversion efficiencies (17) more than 11% have been
achieved with DSSCs using volatile solvent-based elec-
trolyte.”> However, the current stability of DSSCs using
volatile electrolytes is not sufficient because of the
difficulty of the sealing of the electrolytes, severely
restricting their practical applications. To reduce the
difficulty, solvents that have high boiling point and low
vapor pressure or ionic liquids (ILs) have been examined
for DSSCs.

IL-based electrolytes are attractive because of their
almost zero vapor pressure, wide electrochemical window,
and good thermal and photostability. Among the ILs,
imidazolium iodides, such as 1-methyl-3-n-propylimidazo-
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lium iodide (MPImI) and 1-methyl-3-n-hexylimidazolium
iodide (HMImI), have been examined widely because
they can act both as a solvent and an iodide source in
electrolyte. However, the # values for DSSCs based on
Ru complex dyes and IL electrolytes using HMImI or
MPImI are lower than those for DSSCs with volatile
solvent-based electrolytes.’ Because ILs have high viscosities
relative to those for volatile solvents, their high viscosities
suppress the diffusion of redox ions. To compensate the slow
diffusion, higher 15~ concentration is needed. However,
since I3~ ions absorb visible light and act as acceptors for
injected electrons, the high I3~ concentration increases light
absorption and charge recombination rate significantly,
decreasing short-circuit current and open-circuit voltage,
respectively. In addition, facile absorption of water by ILs
results in desorbing the Ru dye molecules in part from the
TiO, surface, decreasing the long-term stability.* Therefore,
achieving veritable long-term stability of IL based
DSSCs with comparable efficiencies as those of DSSCs with
volatile solvent-based electrolytes still remains a major
challenge.

In view of sensitizers, besides Ru dyes, metal-
free organic dyes are also attractive for DSSCs because
of their high extinction coefficient and possible wide
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Figure 1. Molecular structures of N719, 2907, and MK-2.

absorption spectrum.’ On the other hand, open-circuit
voltage (V) of the DSSCs using organic dyes is lower than
those using Ru-complex sensitizers. The low V. was attrib-
uted to faster charge recombination.® In view of stability,
organic dyes are generally considered to be unstable under
light irradiation, whereas recent several papers reported
relatively high stability of DSSCs using organic dyes.’

In our previous report, a carbazole dye with hexyl-
substituted oligothiophene, MK-2 (Figure 1), is effective
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Figure 2. Molecular structures of imidazolium iodides (DMPImI and
MPImI).

to improve electron lifetime and hence Vool Later we
found this kind of dyes can produce high efficiency even
at a high content of I;~ ions because of the blocking effect
on the charge recombination by highly packed dye layer.’
Therefore, MK-2 is expected to be suitable with IL
electrolytes containing high concentration of I3 .
Furthermore, hydrophobicity of MK-2 due to the alkyl
chains would suppress desorption of the dye from the
TiO, surface by water contained in IL electrolytes, result-
ing in higher stability. In this paper, we report high solar-
cell performance and good long-term stability of DSSCs
based on MK-2 and IL electrolytes. We show a concerted
effect of MK-2 and IL in DSSCs and discuss the effect in
view of molecular size, position of alkyl chain, and
electrolyte viscosity.

Experimental Section

Materials and Reagents. Transparent conducting oxide (TCO,
F-doped SnO,, 10 Q/square, Nippon Sheet Glass Co.) coated
glass was used as the substrate for the TiO, thin film electrode
after washing. Reagent grade of Lil, I,, 4-tert-butylpyridine
(TBP), 1,2-dimethyl-3-n-propylimidazolium iodide (DMPImlI,
Tomiyama Pure Chemical Industries Ltd.), acetonitrile (AN,
Wako Pure Chemicals), toluene (Kanto Chenmicals, dehydrated)
were used without further purification. N719 and Z907 were
purchased from Solaronix SA and DYESOL, respectively, and
were used without further purification. MPImI was prepared
according to the literature method.'® Synthesis procedure of MK-
2 is available from our previous study.® Molecular structures of
imidazolium iodides used in this work are shown in Figure 2.

Fabrication of DSSCs. Twelve micrometer TiO» films com-
posed of 6 um nanoparticle (20 nm) layer in direct contact with
the TCO substrate and 6 um light scattering particle (80% 20 nm
TiO; + 20% 100 nm TiO,) layer were fabricated with a screen-
printing method and used in this study unless specified.!" The
films were sintered at 525 °C for 2 h to achieve good necking of
neighboring TiO, particles. The film thickness was measured
with a Tencor Alpha-Step 500 Surface Profiler. The sintered
films were then treated with 0.05 M TiCl, aqueous solution at
70 °C for 30 min followed by calcinations at 450 °C for 30 min.
When TiO, electrodes were cooled down at around 100 °C, the
electrodes were dipped in dye solutions, which were 0.3 mM in
toluene for MK-2 and 0.3 mM in fert-butanol/AN (1:1 in
volume) for N719 and Z907, more than 12 h at room tempera-
ture for complete dye adsorption. The dipping at 100 °C was to
accelerate the dye adsorption. The dye-loaded TiO, film as
working electrode and the Pt-coated TCO as counter electrode
were separated by a hot-melt Surlyn film (30 um) and sealed
together by pressing them under heat. The electrolyte was
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Mori, A.; Kubo, T.; Furube, A.; Hara, K. Chem. Mater. 2008, 20, 3993.

(10) Kubo, W.; Kitamura, T.; Hanabusa, K.; Wada, Y.; Yanagida, S.
Chem. Commun. 2002, 374.

(11) Wang, Z.-S.; Kawauchi, H.; Kashima, T.; Arakawa, H. Coord.
Chem. Rev. 2004, 248, 1381.



2812 Chem. Mater., Vol. 21, No. 13, 2009

introduced into the interspace between the working and the
counter electrodes from the two holes predrilled on the back
of the counter electrode. Finally, the two holes were sealed with
a Surlyn film covered with a thin glass slide under heat. Three
different electrolytes, A: 0.6 M DMPImI + 0.1 M Lil + 0.05M
I, + 0.5M TBPin AN; B: MPImI + 04 M 1, + 0.1 M Lil +
0.5M TBP and C: MPImI + 0.4 M I, were used in this work.

Photovoltaic Measurement. Incident photon-to-current con-
version efficiency (IPCE) action spectra were recorded on a
CEP-99W system (Bunkoh-Keiki Co., Ltd.) by illuminating
DSSCs with direct current (DC) mode and high-intensity mono-
chromatic light (e.g., 5 mW cm™2) without bias white light. The
current—voltage characteristics of DSSCs were measured on
a computer-controlled Current—Voltage source meter (Advant-
est R6243) under illumination of simulated AM 1.5 G solar light
from an AM 1.5 solar simulator (Wacom Co., Japan, WXS-
80C-3 with a 300-W Xe lamp and an AM filter). The incident
light intensity was calibrated by using a standard crystalline
silicon solar cell, which was produced and calibrated by Japan
Quality Assurance Organization, with an IR-cutoff filter
(Schott, KG-5), giving the photoresponse range of amorphous
silicon solar cell. The sealed DSSC devices at open-circuit
equipped with a 420 nm cutoff filter were subjected to contin-
uous light soaking (100 mW cm 2, device surface temperature
was ca. 50 °C), and the /—V curves were measured regularly. To
avoid the stray light penetrating into the active dye-loaded film,
a black mask with an aperture area of 0.2354 cm?, measured
with an optical microscope, LEICA M420, equipped with a
digital camera (Nikon DXM1200), was employed to test photo-
voltaic performance. Considering that the J. of DSSCs in this
work at 100 mW cm 2 simulated AM 1.5 G light is ~5% lower
than the integrated current density from the spectra of IPCE and
AM 1.5 G solar emission, we believe the Jy. and # measured in
this work are not overestimated.

Characterization. Electron lifetimes (7) of the DSSCs were
obtained by stepped light-induced transient measurements of
photovoltage. Experimental procedures of the measurements
are described in detail elsewhere.'? In short, DSSCs were
irradiated by a diode laser (Coherent, Lablaser, A = 635 nm)
and the decay of V., caused by stepwise decrease of a small
fraction of the laser intensity, was recorded. The measurement
was repeated with various initial laser intensities, giving differ-
ent electron densities in the DSSCs. The values of T was obtained
by fitting an exponential function, exp(-z/t), to the voltage
decay. The electron density was estimated by the charge extrac-
tion method introduced by Peter and co-workers.'* The DSSCs
prepared for the measurements employed around 3 um thick
TiO; electrode. Electrochemical impedance spectroscopy (EIS)
for fresh and light-soaking aged DSSCs under 100 mW cm >
AM 1.5 G simulated solar light were measured with an Im-
pedance/Gain-Phase Analyzer (Solartron SI 1260) connected
with a potentiostat (Solartron SI 1286). The DSSCs were
scanned in a frequency range of 10~' x 10° Hz at room
temperature with applied potential set at open circuit. The AC
amplitude was set at 10 mV.

Results and Discussion

I—V Characteristics. Table 1 summarizes the solar-cell
performance parameters of DSSCs based on MK-2,

(12) Nakade, S.; Kanzaki, T.; Wada, Y.; Yanagida, S. Langmuir 2005,
21, 10803.
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G. U. Electrochem. Commun. 2000, 2, 658.
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Table 1. Photovoltaic Performances of DSSCs Based on MK-2, N719, and
7907 with Three Electrolytes”

electrolyte dye Je (MA cm™?) Voc(V) FF 7 (%)
A MK-2 14.5 0.76 0.69 7.6
N719 15.9 0.78 0.74 9.2
7907 16.0 0.72 0.72 8.3
B MK-2 14.2 0.72 0.72 7.4
N719 10.2 0.67 0.75 5.1
7907 11.4 0.63 0.72 5.2
C MK-2 13.6 0.68 0.73 6.8
N719 10.1 0.58 0.72 42
7907 12.7 0.59 0.69 5.2

“Electrolyte A, 0.6 M DMPImI + 0.1 M Lil + 0.05M 1, + 0.5 M
TBPin AN;electrolyte B,0.4M 1, + 0.1 M Lil + 0.5M TBP in MPIml;
electrolyte C, 0.4 M I, in MPImlI.
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Figure 3. Relationship between Ji. and light intensity for DSSCs using
MK-2 with 0.05 or 0.4 M I, in MPImlI as solvent.

N719, and Z907 using the electrolytes A, B, and C. With
the volatile solvent-based electrolyte A, N719 and Z907
showed higher performance than MK-2 in terms of J,
Ve, and 7. On the other hand, with electrolyte B and C,
MK-2 based DSSCs produced higher Jy, V., and  than
the two Ru dye-based DSSCs. Between the electrolyte B
and C, the V. values of the DSSCs with electrolyte B
containing TBP were higher than those with electrolyte C.
By optimization of TiO; electrode in terms of thickness
and scattering particle ratio, we attained 7.6% (Js. = 13.9
mA cm 2, V. = 0.73 V, FF = 0.75, with an aperture
mask, and without antireflection film) with a DSSC based
on MK-2 and electrolyte B.

Figure 3 shows the dependence of Jy. on light intensity
with two different I3~ concentrations in MPImI as a
solvent. When 0.05 M I3~ was dissolved in the IL-based
electrolyte just as the case of the volatile solvent based
electrolyte A, J,. increased linearly under low light in-
tensities until 25 mW c¢cm ™2 and then increased slowly
followed by a saturation above half sun. The slow diffu-
sion of I3 in the IL electrolyte to the counter electrode
slows down the reduction of I35~ to I™ at the counter
electrode, thus reducing J,. at 1 sun conditions
(ca. 100 mW cm %) much lower than expected by a
proportional increase from the currents at low light
intensity. For this reason, the # at 1 sun is much lower
than that at low light intensities when 0.05—0.1 M iodine
is dissolved in the IL based electrolyte. When the con-
centration of I3~ was increased to 0.4 M, J. increased
linearly with the increase in light intensity up to 1 sun
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Figure 4. IPCE spectra for DSSCs using electrolyte A and B.

(Figure 3). This tendency was also observed for the
DSSCs based on the two Ru dyes in this work and in
the previously published work.> Although the increase
in I3~ concentration allows higher diffusion current,
absorption loss due to the light absorption of I3 is also
increased. By varying the iodine content up to 0.5 M, we
found that 0.4 M iodine was the optimal condition for
MPImI electrolyte with our TiO, electrodes. The optimal
concentration was consistent with previously published
results.® Note that the optimal concentration depends on
the thickness and pore conditions of TiO, electrodes,
where the optimized TiO, electrode conditions depend
on the absorption coefficients and molecular size of
sensitizers.

Influence of Electrolyte on Incident Photon-to-Current
Conversion Efficiency. Between electrolyte A and B,
DSSCs with MK-2 showed comparable J,., whereas those
with N719 and Z907 resulted in large decrease of J.
Figure 4 compares the IPCE spectra of the DSSCs. When
the electrolyte was changed from A to B, the IPCE below
500 nm decreased largely for the all dyes, but the effect
was more significant for N719 and Z907. The decreases
are mainly ascribed to the higher concentration of
157, which absorbs strongly in this spectral region and
thus filters the incident light below 500 nm. At 532 nm,
where 0.4 M of I3 absorbs 7% of light in 4 um, the IPCE
decreased remarkably for the Ru dye-based DSSCs, upon
electrolyte change from A to B, whereas the IPCE for
MK-2-based DSSC decreased by the same order of the
15~ absorption. The IPCE is associated with light harvest-
ing efficiency (LHE), electron injection efficiency (CIE),
and charge collection efficiency (CCE).'* Since the
around 20% decrease of IPCE at 532 nm for the case
of N719 and Z907 cannot be explained by the absorption
of the electrolyte, the change of IPCE (532 nm) is due to
the decrease in the CIE and/or CCE. The CCE becomes
unity when the electron diffusion length (L) in the TiO, is
longer than the TiO, thickness. The estimated L from the
values of electron diffusion coefficient (now shown) and
lifetime (shown in the following section) was longer than
20 um, suggesting the decreases in CIE for the case of
Ru dyes with IL.
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Figure 5. Electron lifetime in DSSCs with N719, MK-2, and Z907 with
electrolyte A (acetonitrile base), B(MPImI base with TBP) and C (MPImI
base) as a function of electron density in the DSSCs. Porosity was not
taken into account to calculate the density.

Influence of Dye Molecular Structure on Open-Circuit
Voltage. When electrolyte B or C were employed, DSSCs
with MK-2 showed higher V. than with N719 and Z907.
This result is remarkable because most of reported dyes
were not able to achieve higher V. than N719. Lower
Vo of DSSCs observed with coumarin dyes, carbazole
dyes including MK-2, indoline dyes, porphyrin dyes, and
phthalocyanine dyes was attributed to faster recombina-
tion rate in comparison to with N719 dye.*'>'® The
increased rate for recombination between the injected
electrons and I3~ in electrolytes was attributed to
increased I3~ concentrations by the adsorbed dyes.® The
observed higher V,. with MK-2 and IL electrolytes
in Table 1 could be due to the retardation of the recom-
bination and/or the positive shift of Ecg.

Figure 5 shows a double logarithmic plot of electron
lifetime in the DSSCs examined here as a function of
electron density in the electrodes. All DSSCs showed the
decrease of 7 with the increase of electron density. This
has been partially modeled with transport-limited recom-
bination, where the recombination rate is limited by
the probability of electrons located at the interface of
TiO, and electrolytes.'”"'® Among the electrolytes, vola-
tile liquid electrolyte A showed the longest lifetime. This
was due to the lowest I3~ concentration in the electrolyte
A. Among the dyes with electrolyte A, the order of
lifetime was Tn719 > Tmk.2 > Tzoo7, Whose order was
the same as for V.. Between N719 and MK-2, and N719
and 7907, the orders were consistent with previously
published results.®!” Noteworthy is that the tyg.» was
longer than 77997. Among the examined dyes with elec-
trolyte B, the order of lifetime was changed to Ty, >
TN719 > Tzoo7 as well as the order of V.. On the basis of
the results with electrolyte A, it seems that the packing
density of MK-2 layer on the TiO, surface was equivalent

(15) Mozer, A.J.; Wagner, P.; Officer, D. L.; Wallace, G. G.; Campbell,
W. M.; Miyashita, M.; Sunahara, K.; Mori, S. Chem. Commun.
2008, 4741.
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J. R. J. Am. Chem. Soc. 2008, 130, 2906.
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(19) Mori, S. N.; Kubo, W.; Kanzaki, T.; Masaki, N.; Wada, Y.;
Yanagida, S. J. Phys. Chem. C 2007, 111, 3522.



2814 Chem. Mater., Vol. 21, No. 13, 2009

0.85F ' ik i
Mo o A m Baer C 0
0.80F 2907 --2- A--a-- B-<-- C o E
A
0.75F N }D@ -
A ¢
~ 070F A .
o R

| [ -5 .

0.65 f”
0.60} -

,c}
055F  ° -
R S I S S
10" 10" 10"

Electron Density / cm®

Figure 6. Open-circuit voltage of DSSCs examined in Figure 5 as a
function of electron density in the DSSCs.

to or less sufficient than that of N719 to prevent Iy~ from
approaching to the TiO, surface. However, the layer
of MK-2 as a blocking layer became more effective with
the IL electrolyte. Because in ionic liquid, the alky chains
of the MPIm cations interact each other, a MPIm cation
would not be separated from other MPIm cations, result-
ing in less penetration of the ionic liquid into the layer of
MK-2. In contrast, single DMPIm cation in acetonitrile
can exist through solvation, allowing the cation to pene-
trate into the dye layer. Because the TiO, in DSSCs is
negatively charged under operating conditions, anions
such as I~ hardly approach to the TiO, surface unless the
surface is screened by cations.” Therefore, the distance
between I3~ and TiO, surface is limited by the accessi-
bility of MPIm cations. The molecular size of MK-2 is
about triple of that of N719. Even if the groups of MPIm
caions can penetrate into the half length of the MK-2
layer but hardly penetrate into N719 layer, still, the
distance between the TiO, surface and 15~ is longer for
the case of MK-2 than of N719.

Figure 6 shows the values of V. as a function of electron
density. The V. measures the difference between the Fermi
level of TiO, and redox potential of I /I~ . At the matched
electron density, the Fermi level of TiO, respect to the
conduction band edge is the same among the samples
having different electrolytes and dyes but the same TiO,
electrodes. Among the dyes with electrolyte B, the V. at
the matched electron density are the same, showing that the
high V,. with MK-2 than those of N719 and Z907 under
one sun conditions is solely due to the longer electron
lifetime. Between electrolyte A and B, the V. values of
DSSCs with electrolyte B were higher. Because the con-
centration ratio of I” is higher for electrolyte B, the change
of I /I3~ redox potential cannot explain the increase of V..
Between electrolytes B and C, the V,. were the same.
Various papers reported that the addition of TBP nega-
tively shifts, whereas Li " positively shifts the potential of
the TiO, in DSSCs employing volatile liquid electrolyte.
Little influence of these electrolytes in the electrolyte C
might be due to the effects canceling each other.

Another possibility is that because TBP and Li ™" shift
the potential of the TiO, electrode when they are
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adsorbed, little shift can be interpreted when the electro-
lytes are isolated from the TiO, surface by the adsorbed
dye layer. With the results of increased lifetime for the
case of MK-2, the isolation of electrolyte seems more
likely the case. If so, an electric field existed in the dye
layer, which would be related to the difference in the
charge injection efficiency, although this should be sub-
stantiated further. In view of electron lifetime, the addi-
tions of Li™ and TBP increased the electron lifetime, and
consequently the V.. The effect of TBP on the lifetime
has been examined but its mechanism has not yet been
revealed completely.?®?! At least, Figure 4 shows that it
seems effective with ionic liquid of MPImI.

Concerted Effect of Sensitizer and Ionic Liquid Electro-
Iyte. With AN based electrolyte, in comparison to N719,
the structure of alky-functionalized MK-2 was not en-
ough to impede the charge recombination. With N719,
the V. of DSSCs with IL electrolytes was lower than with
AN based electrolyte. With the combination of MK-2
and IL, the DSSCs showed higher performance than
N719 with IL. This was achieved by the large molecular
size of MK-2 for both lateral and normal directions from
the TiO, surface, and by high viscosity of ionic liquid,
which makes it difficult to penetrate into the layer of
highly packed MK-2 molecules.

In view of alky chain, Z907 has two long alky chains.
However, the electron lifetime was the shortest for the all
electrolytes. This suggests that the alky chain itself does
not have large effect on the lifetime but how much
adsorbed molecules cover the TiO, surface is essential.'”
Note that the results of Z907 also imply that the long
electron lifetime with N719 is not originated from the
nature of Ru complex itself, but the position and compo-
sition of ligands. With electrolyte A, electron lifetimes in
DSSCs with MK-3, which is similar to MK-2 but has no
alky chains, were much shorter than those in DSSCs with
MK-2.° These results suggest that alky-chains attached at
normal direction of the semilong axis of dyes are effective
to cover the TiO, surface.

In view of J, the dyes like MK-2 having high absorp-
tion coefficients are also suitable with IL. This is because
it reduces the loss of photons for sensitizer by light
absorption by I3 . The thickness of TiO, can be also
reduced for high absorption coefficients dyes, allowing
further reduction of the loss by decreasing I~ concentra-
tions in ionic liquid electrolytes.

In a previous report, with N719, HMImlI showed the
highest efficiency among the imidazolium cations up to
1-nonyl-3-methylimidazolium'® It was attributed to the
fact that higher a viscosity of HMImlI increases the
electron lifetime, and consequently the V., but a further
increase in viscosity requires more concentration of I3~
and decreasing values of J. and FF 2 This condition
was derived because of the fast recombination when
N719 was employed with MPImI. On the other hand,
a drawback of the HMIml is its requirement for higher

(20) Nakade, S.; Kanzaki, T.; Kubo, W.; Kitamura, T.; Wada, Y.;
Yanagida, S. J. Phys. Chem. B 2005, 109, 3480.

(21) Boschloo, G.; Higgman, L.; Hagfeldt, A. J. Phys. Chem. B 2006,
110, 13144.
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Figure 7. Photovoltaic performance parameter evolution under visible light soaking (100 mW cm~?) for MK-2 based DSSCs with electrolyte B (open

circle) and C (closed circle).

15~ concentration, which reduces J,.. For the case of MK-
2 with ionic liquid, the recombination rate is not as fast
as with N719, and thus, MPImI with lower concentra-
tion Iy~ can be applied. This condition minimized the
loss of Jg.

Long-Term Stability. The stability data for a DSSC
with electrolyte B and C is depicted in Figure 7. During
visible light soaking up to 2000 h, J,. decreased by ~9%,
FF increased by ~9%, and V. remained almost con-
stant, resulting in almost constant # (>7%) in the entire
course of light soaking. It was reported that the presence
of Li* is unfavorable for long-term stability because of
the lithium interaction into the TiO, lattice.>> For this
reason, relatively stable DSSCs based on Ru dyes were
fabricated using electrolytes without Li * ions. However,
we obtained stable DSSCs based on MK-2 and electrolyte
B containing 0.1 M Li " (Figure 7). This is consistent with
the interpretation above that the IL cannot penetrate into
the MK-2 layer, and thus no intercalation and adsorption
of caions occurred. Note that the long-term stability of
DSSCs based on MK-2- and IL-based electrolytes with
Li" is comparable to that of DSSCs based on Ru dyes
and electrolytes without Li* ions and much better than
the stability of Ru dye-based DSSCs with electrolytes
containing Li " ions.

To reduce the total cost and the number of factors
affecting the DSSC stability, we favored fewer compo-
nents in the electrolyte. The stability data of MK-2 based
DSSC using electrolyte Cis also shown in Figure 7. This is
quite a stable DSSC because all four parameters remained
almost unchanged during visible light soaking after aging
for a couple of days. In particular, MK-2 based DSSCs
with electrolyte B and C did not undergo V. drops,
sharply contrasting with the Ru dye-based and IL elec-
trolyte-based DSSCs, which usually suffered from V.
drops of ~100 mV.? It has been reported that Z907
showed improved long-term stability as compared to
N719, suggesting the long alkyl chain plays a key role
in achieving good stability.* However, Z907-based
DSSC using electrolyte C experienced a decrease in 7 by

(22) Wang, P.; Wenger, B.; Humphry-Baker, R.; Moser, J. E.; Teuscher,
J.; Kantlehner, W.; Mezger, J.; Stoyanov, E. V.; Zakeeruddin, S.
M.; Gritzel, M. J. Am. Chem. Soc. 2005, 127, 6850.

(23) Kuang, D.; Wang, P.; Ito, S.; Zakeeruddin, S. M.; Gritzel, M. J.
Am. Chem. Soc. 2006, 128, 7732.

15—20% under light soaking for 2000 h, much bigger
efficiency drop than MK-2 based DSSC. The above
results indicate that not only the presence of alkyl chains
but also the high coverage of TiO, surface by hydropho-
bic alky chains and/or dye molecules themselves is essen-
tial to achieving good long-term stability.

Another reason of low stability for DSSCs is the
acceleration of charge recombination during light soak-
ing.** This acceleration would be caused by the change of
TiO,/electrolyte interface conditions, e.g., change of local
concentration of Li* and TBP.>* However, again, the
isolation of electrolyte and TiO, surface solve the pro-
blem. The existing water in IL-based electrolytes also
impairs the long-term stability because water would
loosen the binding of dye molecules to the TiO, surface
and even detach some dye molecules into the electrolyte.
The water contact angles of MK-2 and N719 loaded TiO,
films were 137 and 19°, respectively, indicating that the
former was hydrophobic and the latter was hydrophilic.
Moreover, MK-2 cannot be dissolved in water and even
in 0.1 M NaOH aqueous solution as well, sharply con-
trasting to the case for N719, which can be easily detached
into basic solutions. The water-resistant feature of MK-2
in combination with its hydrophobic character is there-
fore beneficial to the long-term stability. Even if 10%
water was added to the electrolyte, we found that the
efficiency and stability was not influenced significantly
for MK-2-based DSSCs using IL-based electrolytes.

To scrutinize the change of charge transfer and ionic
transport processes in DSSCs after visible light soaking,
we carried out electrochemical impedance spectroscopy
measurements. Figure 8 shows the Nyquist and Bode
plots of DSSCs with electrolyte C, respectively, for fresh
and after 2000 h visible light soaking. The three semi-
circles from left to right were assigned to Pt/electrolyte
interface, TiO,/dye/electrolyte interface, and electrolyte
diffusion, respectively.>> Note that the middle semicircle
may not be described as a simple parallel connection of a
capacitor and a resistance.”® However, experimentally,

(24) Nakade, S.; Kanzaki, T.; Kambe, S.; Wada, Y.; Yanagida, S.
Langmuir 2005, 21, 11414.

(25) Han, L.; Koide, N.; Chiba, Y.; Mitate, T. Appl. Phys. Lett. 2004,
84,2433,

(26) Adachi, M.; Sakamoto, M.; Jiu, J. T.; Ogata, Y.; Isoda, S. J. Phys.
Chem. B 2006, 110, 13872.
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Figure 8. EIS Bode plots for fresh and aged DSSCs based on MK-2
and electrolyte C. Conditions: open-circuit, 100 mW cm 2 simulated
solar light.

we observed that the frequency giving the top of middle
semicircle is related with the electron lifetime measured by
photovoltage transients. In Figure 8a, it is seen that the
frequency for middle semicircle did not change signifi-
cantly, showing little influence on the electron lifetime
with time. The radii of the high-frequency (left) and the
low-frequency semicircles (right) were decreased after
2000 h light soaking, suggesting that both the resistance
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for I3~ reduction at the Pt electrode and the diffu-
sion resistance of the electrolyte became smaller. The
improved electrolyte diffusion and I~ reduction at the
Pt surface account for the increase in FF and J,. after light
soaking.

Conclusions

A dilemma that long-term stable IL-based DSSCs
usually have much lower 5 than their volatile solvent
electrolyte-based counterpart was successfully overcome
using a hydrophobic alkyl-substituted oligo-thiophene
dye as the sensitizer. The present highest efficiency of
a DSSC based on MK-2 and an IL electrolyte is 7.6%
(Je = 13.9mA cm ™2, V. = 0.73 V, FF = 0.75, with an
aperture mask and without an antireflection film). We
found that the dense dye layer of MK-2 with hydrophobic
long alkyl chains along with MPImlI based IL electrolyte
favors electron lifetime, whereas the Ru dye-based
DSSCs showed insufficient property. The excellent com-
bination of MK-2 dye and IL electrolytes was realized by
high coverage of TiO, surface by MK-2 and moderate
viscosity of IL electrolytes. In addition, stability test
showed that the DSSC based on MK-2 and IL electrolyte
survived for 2000 h with almost constant efficiency
greater than 7% under continuous visible light soaking
(100 mW cm > AM 1.5 G simulated solar light) at
temperatures of 50 °C.
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