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Dye-sensitized solar cells!!! (DSSCs) have been studied ex-
tensively as potential alternatives to conventional inorganic
solid solar cells, by using wide-bandgap nanocrystalline TiO,
sensitized with ruthenium polypyridine complexes?”®! or met-
al-free organic dyes[HZ] as photoelectrodes. Through molecu-
lar design, ruthenium complexes have achieved power-conver-
sion efficiencies of over 11 %,[2’3’13] while metal-free organic
dyes have reached ca. 9% power-conversion efficiency under
AM 1.5 (AM: air mass) simulated solar light of 100 mW cm™
(1 sun)."! Several ruthenium polypyridyl complexes have
shown their ability to withstand thermal or light-soaking stress
tests for at least 1000 h while retaining an efficiency above
7% 1518 whereas for organic-dye-based DSSCs the long-
term stability, which is the critical requirement for practical
applications, so far remains a serious problem.

Organic dyes are also promising for applications in DSSCs
in that they have much higher molar extinction coeffi-
cients!" 2! than those for ruthenium polypyridine complexes,
which are favorable for light-harvesting efficiency (LHE) and
hence photocurrent generation. Among the organic dye sensi-
tizers tested in DSSCs, coumarin dyes are strong candidates
because of their good photoelectric conversion properties.[&zz]
However, one of their drawbacks is that a high concentration
of 4-tert-butylpyridine (TBP) is usually required for a high
power-conversion efficiency.”! Under continuous light soak-
ing of 1 sun for a short period of one day, the photovoltaic
performance was observed to drop dramatically because of
the dissolution of the dye into electrolyte containing 0.5M or
more TBP. Therefore, it still remains a great challenge to ac-
quire a DSSC based on a metal-free organic dye with high
efficiency that is stable in the long term. In this paper, we
report a new coumarin dye, 2-cyano-3-{5’-[1-cyano-2-(1,1,6,6-
tetramethyl-10-ox0-2,3,5,6-tetrahydro-1H,4H,10H-11-oxa-3a-
aza-benzo[de]anthracen-9-yl)-vinyl]-[2,2"]bithiophenyl-5-yl}-
acrylic acid (NKX-2883), shown in Figure 1, for use in DSSCs.
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Figure 1. Structure of NKX-2883.

These DSSCs exhibited LHE values of near unity, incident
photon-to-electron conversion efficiency (IPCE) over a wide
spectral region on transparent TiO; films of only 6 pm thick-
ness, and maintained ca. 6 % power-conversion efficiency un-
der continuous light soaking of 1 sun at 50-55 °C for 1000 h.

Figure 2a shows the UV-vis absorption spectrum for NKX-
2883 in an ethanol solution. NKX-2883 exhibited two n—m*
electron-transition peaks (426 and 552 nm) in the visible
region. Compared to NKX-2677 (2-cyano-3-[5’-(1,1,6,6-tetra-
methyl-10-o0x0-2,3,5,6-tetrahydro-1H,4H,10H-11-oxa-3a-aza-
benzo[de]anthracen-9-yl)-[2,2’]bithiophenyl-5-yl]acrylic acid),
one of the best organic dyes for DSSCs reported previously,m]
the introduction of one more CN group into the molecular
frame decreases the gap between the highest occupied molec-
ular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO), thus extending the maximum absorption
from 511 to 552 nm. This red-shift may favor light harvesting
and hence photocurrent generation in DSSCs, as will be dis-
cussed below. The 552 nm peak showed a broad feature with
a full width at half-maximum absorbance of ca. 110 nm, com-
parable to that for ruthenium polypyridyl complexes,m contri-
buting broadly to the high LHE. The molar extinction coeffi-
cient (¢) of NKX-2883 in ethanol was determined to be
9.74x10* dm®*mol'em™ at 552 nm, which is about seven
times larger than that of N3 (cis-di(thiocyanate)-bis(2,2’-bi-
pyridyl-4,4*-dicarboxylic acid); e=1.42 x 10* dm*mol™ ecm™ at
532 nm),” and 60% larger than that for NKX-2677
(6=6.43x10* dm®mol em™ at 511 nm).?? The LUMO
(-0.69 V vs the normal hydrogen electrode (NHE)) of
NKX-2883 is more negative than the conduction-band edge of
TiO, (-0.5 V vs NHE),™ ensuring that electron injection
from the excited dye to the conduction band of TiO, is ther-
modynamically favorable.

The dye-loaded films were obtained by dipping the TiO,
film in dye solutions with different concentrations: 0.02, 0.1,
0.3, and 1.0 mm. The normalized UV-vis absorption spectra
for dye-loaded films are plotted in Figure 2b. It is evident that
the spectrum becomes slightly broader with an increasing con-
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Figure 2. a) UV-vis absorption spectrum of NKX-2883 in ethanol solution
and b) normalized spectra for dye-loaded 1.66 pm TiO, transparent film,
obtained from sensitization in 0.02, 0.1, 0.3, and 1.0 mwm dye solutions,
respectively.

centration of dye solution. The gradual broadening of the ab-
sorption peak with increasing dye concentration is attributed
to the n—n stacking of the dye.”'****! A maximum absorbance
of 2.3 could be obtained from a dye-loaded transparent TiO,
film just 1.6 um thick. When using a 6.0 um TiO; film the max-
imum absorbance was beyond the upper limit (i.e., 5.0), and
an absorbance greater than 1.0, corresponding to >90% of the
LHE, was observed in the spectral region below 660 nm. LHE
of unity is expected in this spectral region with the assistance
of a Pt mirror coating on the counter electrode, which guaran-
tees high IPCE values in a similar spectral region.

The photovoltaic performance of the DSSCs reported in this
work was obtained with a nonvolatile electrolyte comprising
0.6 M 1,2-dimethyl-3-n-propylimidazolium iodide (DMPImI),
0.1™m I, and 0.1 M N-methylbenzimidazole (NMBI) in 3-meth-
oxypropionitrile (MPN). This kind of redox electrolyte has
been reported to be beneficial for long-term stability!'”! but is
disadvantageous for cell efficiency. The IPCE action spectrum
of NKX-2883 on 6 um TiO, is shown in Figure 3. It exhibits a
broad feature with the IPCE onset at 850 nm. From 430 to
660 nm, the IPCE remains almost constant at >80 %, corre-
sponding to an IPCE of unity (taking the light loss arising
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Figure 3. IPCE action spectra for NKX-2883- or N3-loaded 6 um transpar-
ent TiO; films, respectively. The electrolyte was 0.6 M DMPImlI, 0.1 m I,,
and 0.1 m NMBI in MPN.

from the light absorption and reflection by the conducting
glass into account) as a result of unity LHE in a similar spec-
tral region, as seen in Figure 2b. For comparison, the action
spectrum of N3 is also presented in Figure 3. It is clear that
the action spectrum of NKX-2883 is much broader than that
of N3 under the same conditions. The integrated photocurrent
densities from the action and global AM 1.5G standard solar
emission spectra were estimated to be 14.3 and 19.0 mA cm™
for N3 and NKX-2883, respectively. Only on TiO, films of
15 um or thicker containing scattering particles does N3 ex-
hibit a similar broad feature® in its action spectrum to that
observed for NKX-2883 on 6 pm film.

Because of the high extinction coefficient and broad ab-
sorption feature in the visible region of the NKX-2883-loaded
film, it is feasible to produce thin cells with optimal efficiency.
A 6 um TiO; film was verified as being optimal for the power-
conversion efficiency!”'—its current-voltage characteristics
are shown in Figure 4. Under illumination of 100 mW cm™
AM 1.5G simulated solar light, the cell produced a short-cir-
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Figure 4. |-V curve for a NKX-2883-based solar cell with a mask under
100 mW cm2 illumination from AM 1.5G simulated solar light.
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cuit photocurrent density (/i) of 18.8 mA cm™, an open-cir-
cuit photovoltage (V) of 0.53 V, and a fill factor (FF) of 0.65,
corresponding to a 6.5 % power-conversion efficiency (7). The
Jsc obtained is in good agreement with the integrated photo-
current density (19.0 mA cm™), indicating that the mismatch
between simulated light and true light is very small. It is im-
pressive to have obtained such a high photocurrent on such a
thin transparent film. To the best of our knowledge, this is the
highest photocurrent density reported for DSSCs on transpar-
ent films as thin as 6 um. The obtained value of Jg
(18.8 mA cm™) for NKX-2883 on the 6 um transparent TiO,
film is even greater than that for black dye on a 32 pum TiO,
film (18.3 mA cm ).

One can see from Figure 4 that the V. of this dye is only
around 0.5 V. If the V. is optimized, through molecular de-
sign and through varying the redox electrolyte composition,
to the level of N3, e.g. >0.7 V, ca. 10% power-conversion
efficiency can be anticipated for metal-free organic dyes. It is
noteworthy that the power-conversion efficiency of the
NKX-2883-based DSSC can be increased to 7.6%
(Jsc=16.5 mA cm™, V,.=0.61 V, FF=0.76) by using an aceto-
nitrile electrolyte containing 0.6 M DMPImI, 0.1 m Lil, 0.05 m
I, and 0.1 m TBP. Compared to the NKX-2677 dye reported
previously,”? which yielded 62% 7 (Je=13.2 mAcm>,
Voc=0.63 V, FF =0.75), NKX-2883 produced much higher Jy.
but slightly lower V., resulting in a much higher efficiency
under the same conditions. Because this work focuses on the
photovoltaic performance and stability for NKX-2883 using a
nonvolatile electrolyte, we have not described the details of
DSSCs based on the acetonitrile electrolyte here.

Long-term stability is one of the critical parameters limiting
cell applications. An NKX-2883-based DSSC in open-circuit
mode was subjected to continuous visible-light soaking at
50-55°C and showed good stability employing a nonvolatile
electrolyte, as shown in Figure 5. J,. did not change much for
the first 150 h, then increased gradually up to 800 h, followed
by a plateau up to 1000 h. Conversely, V,. decreased by only
50 mV, from 0.53 to 0.48 V, while FF first increased from 0.72
to 0.74 up to 150 h and then dropped slowly to 0.71, remaining
stable from 600 to 1000 h. As a consequence, the power-con-
version efficiency increased from 5.9 to 6.2% and then
remained almost constant until 1000 h. As the temperature in-
creases during light soaking, electrolyte diffusion becomes
faster and the conduction-band edge moves downward rela-
tive to I'/I3';[29] both effects result in the enhancement of J
and the latter effect leads to a decrease in V.. The initial in-
crease in FF up to 150 h is also due to the faster electrolyte
diffusion as the temperature increases. The stability data
shown in Figure 5 indicate that organic dyes also have good
photostability, similar to the more frequently used ruthenium
polypyridine complexes. The cell in short-circuit mode also
showed good stability but with the efficiency decreasing by
5-15%.

In summary, we have demonstrated a new coumarin dye
exhibiting quite a high extinction coefficient and hence pro-
ducing unity IPCE values in a broad spectral region on a
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Figure 5. Evolution of solar cell parameters during visible-light soaking
(AM1.5G, 100 mWcm™) at 50-55 °C. A 420 nm cut-off filter was put on
the cell surface during illumination. a) Jsc and V,e, b) FFand 7.

transparent film only 6 pm thick. The high LHE allows a very
thin film to be used in the DSSCs, which is important in reduc-
ing photovoltage loss due to an increased film resistance and
charge recombination; in keeping a relatively high mechanical
strength of the film when surrounded by liquid electrolyte
during cell operation; and in cutting the total production cost.
For the first time, DSSCs with long-term stability based on
metal-free organic dyes and with a power-conversion efficien-
cy of ca. 6 % have been fabricated and operated under contin-
uous light-soaking stress for up to 1000 h.

Experimental

Reagents: TBP, NMBI, Lil, and I, were purchased from Aldrich.
DMPImI was obtained from Tomiyama Pure Chemical Industries
Ltd., Japan. All reagents and solvents used in this study were reagent
grade and used as received.

Synthesis of NKX-2883: 1,1,6,6-tetramethyl-10-0x0-2,3,5,6-tetrahy-
dro-1H,4H,10H-11-o0xa-3a-aza-benzo[de]anthracen-9-carbaldehyde
(15 g) and thiophene-2-yl-acetonitrile (30 g) were dissolved in 30 mL
N,N-dimethylformamide (DMF), and then acetic acid (7.9 mL) and
piperidine (15.2 mL) were added to the solution, which was kept at
90°C for 1 h. Thiophene-2-yl-acetonitrile (2.6 mL) was added to the
solution, which was stirred at 90 °C for another 30 min. Addition of
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methanol (90 mL) to this reaction system followed by cooling
afforded crystals of 3-(1,1,6,6-tetramethyl-10-0x0-2,3,5,6-tetrahydro-
1H.4H,10H-11-0xa-3a-aza-benzo[de]anthracen-9-yl)-2-thiophene-2-
yl-acrylonitrile 1 (11.2 g). 'H NMR (CDCl3) ¢ (TMS, ppm): 1.31 (6H,
s), 1.55 (6H, s), 1.76 (2H, t), 1.81 (2H, t), 3.29 (2H, t), 3.37 (2H, t), 7.05
(1H, d), 7.19 (1H, s), 7.28 (1H, d), 7.33 (1H, d), 7.70 (1H, s), 8.58 (1H,
s). 1 (10 g) was dissolved in 150 mL DMF at 40°C and then 21 mL
DMF solution containing 4.2 g N-bromosuccinimide was added to this
solution, which was stirred for 30 min. After adding methanol
(100 mL) to the reaction system followed by cooling, crude crystals of
2-(5-bromo-thiophen-2-yl)-3-(1,1,6,6-tetramethyl-10-oxo-2,3,5,6-tetra-
hydro-1H,4H,10H-11-oxa-3a-aza-benzo[de]anthracen-9-yl)acrylonitrile
2 (9.5 g) were obtained. The crude crystals of 2 were purified by recrys-
tallization from DMF (6.5 g). "H NMR (CDCl3) 6 (TMS, ppm): 1.30
(6H, s), 1.54 (6H, s), 1.71-1.83 (4H, m), 3.27-3.31 (2H, m), 3.36-3.40
(2H, m), 7.00 (1H, d), 7.06 (1H, d), 7.18 (1H, s), 7.57 (1H, s), 8.56 (1H,
s). 2 (6.5 g), 2-thiopheneboronic acid (2.1 g), tetrakis(triphenylpho-
sphine)palladium(0) (Pd(PPhy),, 0.44 g), and K,CO; (5.3 g) were dis-
solved in 130 mL DMF and then kept at 120 °C for 4.5 h under an Ar
atmosphere. 1.1 g 2-thiopheneboronic acid and 0.22 g Pd(PPh3), were
added to the solution and then kept for 2.5 h. After filtration of the
solution, crystals of 2-[2,2"|bithiophenyl-5-yl-3-(1,1,6,6-tetramethyl-10-
0x0-2,3,5,6-tetrahydro-1H,4H,10H-110xa-3a-aza-benzo[de]anthracen-
9-yl)-acrylonitrile 3 (4.6 g) were obtained from the filtrate. '"H NMR
(CDClL) o0 (TMS, ppm): 1.31 (6H, s), 1.55 (6H, s), 1.74 (2H, t), 1.82
(2H, t), 3.32 (2H, t), 3.41 (2H, t), 7.19 (1H, s), 7.40 (1H, d), 7.70 (1H,
d), 7.93 (1H, s), 8.67 (1H, s), 9.87 (1H, s). 3 (4 g) was dissolved in
120 mL DMF and then Vilsmeyer reagent, prepared from 22 mL
DMF and 7.3 mL phosphorus oxychloride, was added to the solution,
which was kept at 70°C for 4 h (Vilsmeyer-Haack reaction). After
cooling to 10°C, the resultant solution was added to 750 mL iced
water. After neutralization with 25 % NaOH solution, the resultant
precipitates were washed with methanol (60 mL). Recrystallization
of the precipitates from chloroform and methanol afforded crystals
of 2-(5-formyl-[2,2]bithiophenyl-5-y1)-3-(1,1,6,6-tetramethyl-10-oxo-
2,3,5,6-tetrahydro-1H,4H,10H-11-oxa-3a-aza-benzo[de]anthracen-9-yl)-
acrylonitrile 4 (1.5 g). '"H NMR (CDCls) § (TMS, ppm): 1.31 (6H, s),
1.56 (6H, s), 1.72-1.84 (4H, m), 3.29-3.33 (2H, m), 3.37-3.41 (2H, m),
7.19 (1H,s), 7.26-7.33 (3H, m), 7.68 (1H, d), 7.72 (1H, s), 8.61 (1H, s),
9.87 (1H, s). 4 (0.7 g) and cyanoacetic acid (0.17 g) were refluxed in
chloroform (14 mL) in the presence of piperidine (0.04 mL) for 1 h.
Recrystallization of the resultant precipitates (0.74 g) from chloro-
form-triethylamine mixed solvent by adding acetic acid and acetoni-
trile afforded crystals (0.52 g) of NKX-2883. 'H NMR (DMSO-d,) 6
(TMS, ppm): 1.27 (6H, s), 1.47 (6H, s), 1.7-1.8 (4H, m), 3.3-3.4 (4H,
m), 7.38 (1H, d), 7.40 (1H, s), 7.60 (1H, s), 7.61 (1H, d), 7.66 (1H, d),
7.97 (1H, d), 8.47 (1H, s), 8.52 (1H, s). Electron-ionization mass spec-
trometry (MS-EI): m/z 606.05, (M-H)". Analytical calculation for
C34H2oN3048,-H,0: C, 65.26 %; H, 4.99%; N, 6.72%; S, 10.25%.
Found: C, 65.33 %; H, 4.66 %; N, 6.28 %; S, 9.62 %.

Fabrication of Solar Cells: 6 pm transparent films composed of
23 nm nanoparticles[26] were fabricated on conducting glass (trans-
parent conducting oxide (TCO), F-SnO,, 10 Q/[7], Nippon Sheet
Glass Co., Japan) by using a screen-printing method. TiO, films were
sensitized by dipping in a 0.3 mm solution of NKX-2883 in ethanol for
ca. 12 h. The hermetically sealed cells were fabricated by assembling
the dye-loaded film as the working electrode and Pt-coated TCO glass
as the counter electrode separated with a hot-melt surlyn film
(30 um), as described previously[30]. Solar cells (apparent active area
was 0.25 cm?) were evaluated with IPCE action spectra and I-V
curves with a metal mask (aperture area was 0.2354 cm?) on the cell
surface to avoid diffusive light. The sealed cell with a 420 nm cut-off
filter on the cell surface at open-circuit was subject to continuous light
soaking (100 mW cm™ AM 1.5 simulated solar light, cell surface tem-
perature 50-55 °C).
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