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Dye-sensitized nanocrystalline solar cells (DSC) have
received considerable attention as a cost-effective
alternative to conventional solar cells. One of the main
factors that has hampered widespread practical use of DSC
is the poor thermostability encountered so far with these
devices. Here we show a DSC with unprecedented stable
performance under both thermal stress and soaking with
light, matching the durability criteria applied to silicon solar
cells for outdoor applications. The cell uses the amphiphilic
ruthenium sensitizer cis-RuLL’(SCN), (L = 4,4’-dicarboxylic
acid-2,2’-bipyridine, L” = 4,4’-dinonyl-2,2’-bipyridine) in
conjunction with a quasi-solid-state polymer gel electrolyte,
reaching an efficiency of >6% in full sunlight (air mass 1.5,
100 mW cm™). A convenient and versatile new route is
reported for the synthesis of the heteroleptic ruthenium
complex, which plays a key role in achieving the high-
temperature stability. Ultramicroelectrode voltammetric
measurements show that the triiodide/iodide couple can
perform charge transport freely in the polymer gel. The cell
sustained heating for 1,000 h at 80 °C, maintaining 94 % of its
initial performance. The device also showed excellent
stability under light soaking at 55 °C for 1,000 h in a solar
simulator (100 mW cm) equipped with a ultraviolet filter.
The present findings should foster widespread practical
application of dye-sensitized solar cells.
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economically credible alternative to conventional inorganic

photovoltaic devices. Owing to their high-energy conversion
efficiency and low production cost, they have received considerable
attention over the past decade'™. The mesoscopic texture of the TiO,
film in these cells significantly increases the cross-section of light
harvesting by surface-anchored charge-transfer sensitizers, while
maintaining a good contact with electrolytes. In these photovoltaic
devices, ultrafast electron injection from a photoexcited dye into the
conduction band of an oxide semiconductor, and subsequently dye
regeneration and hole transportation to the counter electrode, are
responsible for the efficient generation of electricity. Although a
respectable 10.4% light-to-electricity conversion efficiency at air mass
(AM) 1.5 solar irradiance has been obtained for photovoltaic devices
with a panchromatic dye and a liquid electrolyte containing the
triiodide/iodide couple®, the achievement of long-term stability at
temperatures of about 80-85 °C, which is an important requirement for
outdoor application of the DSC, still remains a major challenge'''.

The leakage of liquid electrolyte from such modules, possible
desorption of loosely attached dyes, and photodegradation in the
desorbed state as well as corrosion of the Pt counter electrode by the
triiodide/iodide couple have been suggested as some of the critical
factors limiting the long-term performance of the DSC, especially at
elevated temperature. Thus considerable efforts have been made to
realize devices with high efficiencies that meet the stability criteria for
outdoor use. In this context, new counter-electrode materials'>™"4,
alternative redox couples™®™"” and sensitizers'*** have been screened.
Additionally, p-type semiconductor®”, hole conductor® and
polymeric or gel materials incorporating triiodide/iodide as a redox
couple?* were introduced to substitute the liquid electrolytes by solid-
state or quasi-solid-state materials. Numerous investigations of
polymer gel electrolytes have been carried out with special emphasis on
applications to lithium batteries™. Gelation of the liquid electrolytes
mitigate the potential instability against solvent leakage under thermal
stress. In this paper, a photochemically stable fluorine polymer,
poly(vinylidenefluoride-co-hexafluoropropylene (PVDE-HFP), was
used to solidify a 3-methoxypropionitrile (MPN)-based liquid
electrolyte to obtain a quasi-solid-state gel electrolyte. When used in
combination with a new amphiphilic polypyridyl ruthenium dye, this
newembodiment of a DSC,which reachesa conversion efficiency under
full sunlight of over 6%, shows strikingly high stabilities under both
thermal stress at 80 °C and prolonged soaking with light.

Dye—sensitized nanocrystalline solar cells (DSC) provide an
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Scheme 1 One-pot synthetic route for Z-907 dye.
(i) DMF, dnbpy, 70 °C,N,, 4 h.

(ii) H,dcbpy, 150 °C, N, 4 h.

(iii) NH,NCS, 150 °C,N,, 4 h.

We have previously prepared a series of hydrophobic ruthenium
polypyridyl sensitizers for low-power photoelectrochemical cells to
increase their tolerance to water in the electrolytes®. The amphiphilic
dye Z-907 (cis-Ru(H,dcbpy) (dnbpy) (NCS),, where the ligand H,dcbpy
is 4,4’-dicarboxylic acid-2, 2’-bipyridine and dnbpy is 4,4’-dinonyl-2,
2’-bipyridine) was synthesized according to Scheme 1. A novel synthetic
route starting from the RuCl(p-cymene), complex, and using
sequential addition of ligands to it at different time intervals, was
designed for the synthesis of heteroleptic polypyridyl ruthenium
complexes. This method is more facile and gives better yields than that
previously reported™®.

The conductivity (o) of the electrolyte used in this study was first
examined. This provides information on the mobility of the ions, their
interaction with the solvent and on ion-pairing phenomena, which are
expected to affect the photovoltaic performance and in particular the fill
factor of the solar cell. It is given by?*:

2
| Z|*FceD;

1 (1)

o(T) = | Z|Fe; =2

where Z, ¢, i; and D, are the charge, concentration, mobility and
diffusion coefficient of the ith ion, e is the electronic charge, T'is the
absolute temperature and Kj; and F are the Boltzmann and Faraday
constants, respectively. As is apparent from the inset of Fig. 1, the
Arrhenius  equation® cannot be used to describe the
conductivity—temperature behaviour of the liquid and polymer gel
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Figure 1 Plots of conductivity—temperature data in the VTF coordinates for the
liquid and polymer gel electrolytes. Inset: Arrhenius plots of conductivity—
temperature data. o = specific conductivity; T= absolute temperature; T, = glass-
transition temperature.

electrolytes. A better fit to the data in Fig. 1 is obtained by the Vogel—
Tammann—Fulcher (VTF) equation®.

o(T) = AT exp[-B/(T-T,)] (2)

In equation (2), A and B are constants and Tj, is the glass-transition
temperature. Surprisingly, whereas gelation resulted in a slight decrease
in conductivities, for example, from 10.4 to 10.2 mS cm™ at room
temperature, the steady-state voltammograms (Fig.2) for a Pt
ultramicroelectrode in the liquid and polymer gel electrolytes are
practicallyidentical. Thus, the triiodide/iodide redox couple can diffuse
freely in the liquid domains entrapped by the three-dimensional
network of the PVDF-HFP, despite the solid nature of the electrolyte.
The apparent diffusion coefficients (D,,,) of iodide and triiodide can be
calculated from anodic and cathodic steady-state currents (I)
according to the following equation®.

I,=4ncafFD,,, (3)

where n is the electron number per molecule, a is the microelectrode
radius, F is the Faraday constant and c is the bulk concentration
of electroactive species. The calculated diffusion coefficients of
triiodide and iodide are 3.60 x 10 and 4.49 X 107 cm?® s7/,
respectively. Furthermore, using equation (1) the diffusion coefficient
of 1,2-dimethyl-propylimidazolium (DMPI) cations in the liquid
and polymer gel electrolyte was derived to be 2.39 x 107 and

Table 1 Device efficiencies of cells with the liquid and polymer gel electrolytes.

1 (%) at different incident light intensities*

0.01 Sun 0.1 Sun 0.5Sun 1.0Sun
Liquid 7.5 7.4 6.9 6.2
Gel 7.6 7.3 6.8 6.1

*The spectral distribution of the lamp mimics air mass 1.5 solar light. 1.0 Sun corresponds to an intensity of 100 mW cm-2,
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Figure 2 Steady-state voltammograms of the liquid and polymer gel electrolytes
with a Ptultramicroelectrode. Scanrate: 10 mVs.

1.55 x 107 cm? s7'. The lower value obtained in the gel indicates
hydrogen-bonding interaction between DMPI cations and PVDEF-
HEP copolymer.

Figure 3 shows a typical photocurrent density—voltage curve for
cells based on the Z-907 dye and the polymer gel electrolyte under AM
1.5 sunlight illumination. The short-circuit photocurrent density (J,.),
open-circuit voltage (V,.),and fill factor (FF) are 12.5 mA cm™,730 mV
and 0.67, respectively, yielding an overall energy conversion efficiency
(1) of 6.1%. The action spectrum of the photocurrent is shown in
the inset of Fig.3. The incident photon-to-current conversion
efficiency (IPCE) reaches a maximum efficiency of 80% at 540 nm.
The photovoltaic performance obtained with liquid and polymer gel
electrolytes is almost identical (Table 1), indicating that gelation has no
adverse effect on the conversion efficiency.

The use of the amphiphilic Z-907 dye in conjunction with the
polymer gel electrolyte was found to result in remarkably stable device
performance both under thermal stress and soaking with light.
The high conversion efficiency of the cell was sustained even under
heating for 1,000 h at 80 °C, maintaining 94% of its initial value after
this time period as shown in Fig. 4a. The device using the liquid
electrolyte retained only 88% of its initial performance under the same
conditions. The difference may arise from a decrease in solvent
permeation across the sealant in the case of the polymer gel electrolyte.
The polymer gel electrolyte is quasi-solid at room temperature, but
becomesaviscousliquid (viscosity: 4.34 mPas) at 80 °C compared with
the blank liquid electrolyte (viscosity: 0.91 mPa s). Tolerance of such a
severe thermal stress by a DSC having over 6% efficiency is
unprecedented. In the case of N-719 dye, the overall efficiency
decreased almost 35% during the first week at 80 °C, which clearly
reflects the effect of molecular structure of the sensitizer on the stability
of DSC. The difference between N-719 and Z-907 is that one of the 4,4’-
dicarboxylic acid-2, 2’-bipyridine is replaced with 4,4’-dinonyl-2, 2’-
bipyridine to make the dye more hydrophobic. We believe that
desorption of N-719 at high temperature resulted in the poor
thermostability of related devices. So far, dye-sensitized solar cells have
been plagued by performance degradation at temperatures between 80
and 85 °C. The best result obtained in previous studies'® was a decline
in conversion efficiency from initially 4.5 to 3% when the cell was
maintained for 875h at 85°C.
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Figure 3 Typical photocurrent density—voltage characteristic of photovoltaic cells.
The polymer gel electrolyte and Z-907 dye were at anirradiance of AM 1.5 sunlight

(99.8 mW cm-2). Cell area: 0.152 cm>. The inset is the incident photon-to-current efficiency
(IPCE) for the quasi-solid-state cells.

Figure 5 presents the detailed behaviour of device parameters
during the aging tests performed at 80 °C with the DSC containing
polymer gel electrolyte. After the first week of aging, the efficiency was
moderately enhanced due to an increase in the J,. and FF values. Then a
gradually small decrease in V,, without much variation in J,. and FE,
caused a decrease in the overall efficiency by 6%. This is well within the
limit of thermal degradation accepted for silicon solar cells.

The device also showed excellent photostability when submitted to
accelerated testing in a solar simulator at 100 mW cm™ intensity. After
1,000 h of light-soaking at 55 °C the efficiency had dropped by less than
5% (Fig. 4b) for cells covered with an ultraviolet absorbing polymer
film. The efficiency difference for devices tested with and without the
polymer film was only 4% at AM 1.5 sunlight, indicating a very small
sacrifice in efficiency due to ultraviolet filter.

Detailed studies are currently under way to explore the reasons for
the remarkable high-temperature stability of solar cells based on the
amphiphilic ruthenium sensitizer and the quasi-solid-state gel
electrolyte. Here we report on nanosecond time-resolved laser
experiments designed to scrutinize the dynamics of the
recombination of the electrons injected in the conduction band of
TiO, (e7y,) with the oxidized dye (S*) and the dye regeneration
reaction with iodide. Indeed, kinetic competition between these two
interfacial charge-transfer processes controls, to a large extent, the
photon-to-current conversion efficiency of the photovoltaic devices.
Transient absorbance measurements shown in Fig. 6 monitor directly
the concentration of oxidized ruthenium sensitizer following
photoinduced electron injection from the dye into the conduction
band of the semiconductor film'®*. In the absence of iodide (Fig. 6a,
trace 1), the decay of the absorption signal reflects the dynamics of
recombination of injected electrons with the oxidized dye (S%).
Because the pulsed laser intensity was kept at a very low level (fluence
<40 mJ cm™ per pulse at the sample), less than one e /S* charge-
separated pair was produced on the average per TiO, nanocrystal.
This is comparable to the condition prevailing when the photovoltaic
device functions under natural sunlight.

The kinetics of S* transient absorbance decay could be fitted by
a stretched exponential with a typical half-reaction time (t,,,) of the
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Figure 4 Normalized device efficiencies for cells with the liquid and polymer gel
electrolytes. During a, accelerated aging at 80 °C and b, successive one sun visible-light
soaking at 55 °C.

order of 180 s, similar to what has been reported for the
[cis-Ru(dcbpy),(NCS),] dye*. Thus the replacement of two carboxylate
groups by the hydrocarbon chains does not appear to alter significantly
the rate of the interfacial charge recombination process. In the presence
of iodide, the decay of the oxidized dye signal is accelerated (f,,,= 30 us),
showing that the mediator intercepts back-electron transfer. Hardly any
difference is observed between the kinetics obtained with the liquid
(Fig. 6a, trace 2) and polymer gel (trace 3) electrolytes. In both cases,
however, the interception is rather slow compared with what is
typically observed for the standard dye N-719 [cis-
Ru(H,dcbpy)(dcbpy)(NCS),](TBA), under identical conditions®
(Fig. 6b, trace 5, t,,, = 2 Us). A significant amount of Z-907 cations
survives for hundreds of microseconds indicating that the interception
isincomplete.

Flash photolysis experiments were conducted under open-circuit
conditions, which are in variance with those corresponding to the
measurement of IPCE in a short-circuited photovoltaic device.
However, the low light intensity used for both laser excitation and
probing minimized the build-up of the concentration of conduction-
band electronsin TiO,.In thelight of previously reported results*, it can
be inferred that observed back-electron-transfer kinetics corresponded
to a very moderate potential of the nanocrystalline TiO, photoanode of
~0 mV versus Ag/AgCl. The same previous data show that the slow
component of the back-transfer kinetics beyond 100 s is only slightly
affected athigher anodic biases. As a consequence, one can estimate that
approximately 10—-15% of the initial S* species population undergoes
recombination with conduction-band electrons. This limits the
quantum conversion efficiency and the maximum photocurrent
density obtainable in practice. Figure 6b shows the effect of ageing at
80 °C on thekinetics of the interception process. Heat treatment for 72 h
clearly produces an increase in the dye regeneration rate, with t,,
diminishing from 30 us to about 5 us (Fig. 6b, trace 3). No further
change in the interception kinetics is obtained by prolonging the heat
exposure of the samples (trace 4). The enhancement of the interception
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Figure 5 Detail of device parameter variations for cells with polymer gel
electrolyte during accelerated aging at 80 °C. 17: energy conversion efficiency ; Ji:
short-circuit photocurrent density; V/,.: open current voltage; FF: fill factor.

reaction rate by a factor of six after the heat treatment easily accounts for
the increase in overall conversion efficiency after one week of ageing at
80 °C: the photocurrent increases as more charge carriers escape from
recombination. This effect is likely to be due to improved self-assembly
of the Z-907 dye molecules on the surface of TiO, nanocrystals during
annealing, and/or electrolyte penetration into cavities containing
adsorbed sensitizer molecules where the electrolyte was originally not
able to access.

Signals recorded at a probe wavelength of 630 nm are known to
be quite sensitive to chemical degradation of Ru"L,(NCS), dyes.
This region of the transient spectrum between 610 and 900 nmisindeed
dominated by a ligand-to-metal charge transfer transition of the NCS
ligand to the Ru(I1I) metal centre of the oxidized dyes. Alterations in the
coordination geometry of the complex result in a marked decrease*' of
the transient absorbance above 610 nm. Remarkably, no change of the
transient absorbance signal amplitude was observed within
experimental errors after ageing cells with the Z-907 dye for one week at
80 °C. This indicates that thermal aging does not affect significantly the
chemical integrity of the dye molecules.

In summary, we have demonstrated that PVDF-HFP polymer can
gel MPN-based liquid electrolyte without hampering charge transport
of the trilodide/iodide couple inside the polymer network.
Consequently, there is no difference in the conversion efficiencies of
dye-sensitized solar cells with liquid and polymer gel electrolytes even at
AM 1.5 sunlight. For the first time,long-term thermostable devices with
higher than 6% energy conversion efficiency have been obtained by
combining an amphiphilic polypyridyl ruthenium sensitizer with a
polymer gel electrolyte. The extraordinarystabilities of the device under
both thermal stress and soaking with light match the durability criteria
applied to solar cells for outdoor use, rendering these devices viable for
practical application.

METHODS

All organic solvents used were of puriss quality from Fluka, Switzerland. MPN (Fluka) was distilled
before use. Other compounds used were: dnbpy (Aldrich, Switzerland), [RuCl,(p-cymene)], (Aldrich),
N-methylbenzimidazole (NMBI) (Aldrich), NH,NCS (Fluka), Sephadex LH-20 (Pharmacia, Sweden),
poly(vinylidenefluoride- co-hexafluoropropylene (PVDF-HFP; Solvay, Belgium). 1,2-Dimethyl-3-propy-
limidazolium iodide (DMPII) was synthesized according to the method described in our previous work*.

ONE-POT SYNTHESIS OF Z-907
In a typical one-pot synthesis of Z-907, [RuCl,(p-cymene)], (0.1 g, 0.16 mmol) was dissolved in DMF
(50 ml) and dnbpy (0.133 g, 0.32 mmol) then added. The reaction mixture was heated to 60 °C under
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Figure 6 Transient absorbance decay kinetics of the oxidized state of Z-907 dye
adsorbed on transparent Ti0, nanocrystalline films. Measured at 630 nm on
pulsed laser excitation at 510 nm (5 ns full-width at half-maximum pulse duration,

40 uJ cm2 pulse fluence). a, In the presence of pure solvent 3-methoxypropionitrile
(1), the liquid electrolyte (2), and the polymer gel electrolyte (3). b, Cells containing
pure 3-methoxypropionitrile (1), the liquid electrolyte before heat treatment (2), and
after keeping at 80 °C for 72 h (3) and 280 h (4), respectively. Trace (5) shows, for
direct comparison, the temporal behaviour of the standard N-719 dye under
conditions similar to those of trace (2). Solid curves drawn on the top of experimental
data are bi-exponential fits of decay kinetics.

nitrogen for 4 h with constant stirring. To this reaction flask H,dcbpy (0.08 g, 0.32 mmol) was added and
refluxed for 4 h. Finally, excess of NH,NCS (13 mmol) was added to the reaction mixture and the reflux
continued for another 4 h. The reaction mixture was cooled down 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 (5 x 20 ml) with
pH 12 aqueous solution, distilled water and diethyl ether and dried. On a Sephadex LH-20 column the
complex was further purified with methanol as an eluent. "H NMR (&,/p.p.m. in CD;0D) 9.72 (d, 1H),
9.28 (d, 1H), 9.08 (s, 1H), 8.92 (s, 1H), 8.55 (s, L H), 8.42 (s, 1H), 8.28 (d, 1H), 7.88 (d, 1H), 7.70 (t, 2H),
7.40 (d, 1H),7.05 (d, 1H), 2.95 (t,2H), 2.75(t, 2H), 1.95 (m, 2H), 1.40 (m, 26H), 0.90 (t, 6H). Analytical
calculation for RuC,,H;,N(O,S,: C,57.99; H, 5.98; N, 9.66%. Found: C, 57.90; H, 5.97; N, 9.61%.

FABRICATION OF SOLAR CELLS

A screen-printed double layer of TiO, particles was used as the photoanode. A 10-im-thick film of
20-nm-diameter TiO, particles was first printed on the fluorine-doped SnO, conducting glass electrode
and further coated by 4-pm-thick second layer of 400 nm light-scattering anatase particles (CCIC,
Japan). After sintering at 500 °C and cooling down to 80 °C, the TiO, electrodes were dye-coated by
immersing them into a 0.3 mmol I"' solution of Z-907 in acetonitrile and -butanol (volume ratio of 1:1)
at room temperature for 12 hours and then assembled with thermally platinized conducting glass
electrodes. The electrodes were separated by a 35-ium-thick hot-melt ring (Bynel, DuPont) and sealed up
by heating. PVDF-HFP (5 wt%) was mixed with the liquid electrolyte consisting of DMPII (0.6 mol I"),
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iodine (0.1 mol I"), NMBI (0.5 mol ') in MPN and heated until no solid was observed. The internal
space of the cell was filled with the resulting hot solution using a vacuum pump. After cooling down to
room temperature, a uniform motionless polymer gel layer was formed in the cells. The electrolyte-
injecting hole made with a sand-ejecting drill on the counter electrode glass substrate was sealed with a
Bynel sheet and a thin glass cover by heating. To have a good comparison with the polymer gel electrolyte,
devices with the liquid electrolyte were also fabricated using the above procedure.

CONDUCTIVITY, VISCOSITY, VOLTAMMETRIC AND PHOTOELECTROCHEMICAL MEASUREMENTS

A CDM210 conductivity meter (Radiomater Analytical, SAS, France) was used to measure conductivities
of the liquid and polymer gel electrolytes. The CDC749 conductivity cell (Radiomater Analytical, SAS,
France) with a nominal cell constant of 1.70 cm™ was calibrated with 0.1 mol I"' KCl aqueous solution
before the experiments. Dynamic viscosity measurements were carried out on a microviscosimeter
(VT500, Haake, Germany). A DT Hetotherm cycle heat pump (Heto, Denmark) was used to control the
temperature of electrolytes. Steady-state voltammograms were recorded on an Autolab P20 electrochemical
workstation (Eco Chimie, Netherlands) at 25 °C. A two-electrode electrochemical cell was used, consist-
ing of a Pt ultramicroelectrode with a radius of 5.0 m as working electrode and a Pt foil as counter elec-
trode. Photoelectrochemical data was obtained with a set-up as explained in our earlier publication®.

THERMAL STRESS AND VISIBLE LIGHT-SOAKING TESTS

Hermetically sealed cells were used for long-term stability tests. For thermal stress, the cells were stored
in the oven at 80 °C. In light-soaking tests the cells were covered with a 50-um-thick of polyester film
(Preservation Equipment, Norfolk, UK) as an ultraviolet cut-off filter (up to 400 nm) were irradiated
at open circuit under a Suntest CPS plus lamp (ATLAS, Netherlands; 100 mW c¢m™2, 55 °C).

LASER TRANSIENT ABSORBANCE MEASUREMENTS

Nanosecond pulsed laser excitation was applied usinga GWU-355 (GWU-Lasertechnik, Erfstadt-
Friesheim, Germany) broadband optical parametric oscillator (OPO) pumped by a Continuum
Powerlite 7030 frequency-tripled Q-switched Nd:YAG laser (Continuum, Santa Clara, California, USA).
The output of the OPO (30 Hz repetition rate, pulse-width at half-height of 5 ns) was tuned at a wave-
length of 510 nm and attenuated by filters. The beam was expanded by a planoconcave lens to irradiate a
large cross-section of the sample, whose surface was kept at a 30° angle to the excitation beam. The laser
fluence on the sample was kept at a very low level (<40 uJ cm™ per pulse) to ensure that, on average, less
than one electron is injected per nanocrystalline TiO, particle on pulsed irradiation. The probe light,
produced by a continuous wave xenon arc lamp, was passed through a first monochromator tuned at
630 nm, various optical elements, the sample, and a second monochromator, before being detected by a
fast photomultiplier tube. Data waves were recorded on a DSA 602A digital signal analyser (Tektronix,
Beaverton, Oregon, USA) Satisfactory signal-to-noise ratios were typically obtained by averaging over
3,000 laser shots. Except for normal glass and 8 pm transparent TiO, film, sealed cells were used for laser
transient absorbance experiments.

Received 24 February 2003; accepted 25 March 2003; published 18 May 2003.
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In this article, the xaxis of the inset in Fig. 1 was incorrectly shown to be 1,000/(T-T;) (K™'), whereas it should be 1,000/ T" (K™).
The corrected version of Fig. 1 appears below.
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Figure 1 Plots of conductivity—temperature data in the VTF coordinates for
the liquid and polymer gel electrolytes. Inset: Arrhenius plots of conductivity—
temperature data. o = specific conductivity; 7= absolute temperature; T, = glass-
transition temperature.
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