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Mesoscopic dye-sensitized solar cells (DSC)1 have attracted
considerable attention in the last 15 years as a potential alternative
to conventional inorganic photovoltaics.1 Significant progress has
been made in the development of efficient dyes, electrolytes, and
nanocrystalline metal oxide films for the enhancement of the device
performance.2-4 Encapsulation of volatile organic electrolytes with
high vapor pressure is a major challenge in practical applications
of the DSC. Room temperature ionic liquids (ILs) are attractive
candidates for replacement of the volatile organic solvents due to
their negligible vapor pressure and high ionic conductivity.5-7

Unfortunately, pure imidazolium iodide/triiodide ILs are very
viscous, and the high concentration of iodide ions in the electrolyte
creates a loss channel through reductive quenching of the excited
sensitizer, hampering device performance.7d The use of some binary
ionic liquid electrolytes in DSC allows the reduction of electrolyte
viscosity and avoids efficiency losses.7b-e However, thermal
instability under prolonged testing at 80°C for DSC devices based
on these system is normally observed.

The search for new highly conductive ILs containing thermally
and chemically robust anions is, therefore, of great importance.
Tetracyanoborate is very attractive in this respect and was first
reported by Bernhardt et al.8 The negative charge is uniformly
delocalized over the four cyano groups tetrahedrally surrounding
the boron cation. 1-Ethyl-3-methylimidazolium tetracyanoborate
(EMIB(CN)4) is a new ionic liquid (Figure S1) of a low viscosity
(19.8 cP at 20°C) and high chemical and thermal stability.9 DSC
investigated below employed a binary ionic liquid composed of
0.2 M I2, 0.5 M N-methylbenzimidazole, and 0.1 M guanidinium
thiocyanate in a mixture of 1-propyl-3-methylimidazolium iodide
(PMII) and EMIB(CN)4 (volume ratio, 13:7), in combination with
the amphiphilic sensitizer (Z-907Na). The conductivity of the
electrolyte was measured as 4.77 mS cm-1 at 30°C. The apparent
diffusion coefficients of iodide and triiodide were derived as 4.08
× 10-7 and 3.42× 10-7 cm2 s-1, respectively, from the anodic
and cathodic steady-state currents (Iss) measured by a microelectrode
(Figure S2), using the equationIss ) 4ncaFDapp.10

The photoanodes of the DSC employed in the experiments were
composed of a 6.8µm thick transparent TiO2 layer (20 nm sized
particles) and with a scattering layer (TiO2, 400 nm sized particles)
of 4 µm thickness. The electrode was dipped into 300µM Z-907Na
dye solution in a mixture of acetonitrile andtert-butyl alcohol
(volume ratio, 1:1) at room temperature for 14 h to afford
sensitization. The double layer structured mesoscopic TiO2 film
preparation and the DSC device fabrication were carried out as
reported earlier.7e Figure 1 illustrates the photocurrent density-
voltage curves. The short-circuit photocurrent density (Jsc), open-
circuit photovoltage (Voc), and fill factor (FF) of the device A with
Z-907Na alone are 12.7 mA cm-2, 716 mV, and 0.704, respectively,
yielding a photovoltaic conversion efficiency of 6.4%. In the

presence of 3-phenylpropionic acid (PPA) as coadsorbent (device
B), the corresponding photovoltaic parameters (Jsc, Voc, FF,η) are
13.55 mA cm-2, 736 mV, 0.698, and 7.0, respectively. At the lower
light irradiances of 53 and 30 mW cm-2, the efficiencies are 7.4
and 7.7%, respectively. The photocurrent action spectrum of device
B (inset of Figure 1) shows that the incident photon-to-current
conversion efficiency (IPCE) reaches 80% at 530 nm.

The influence of operating temperature on the photovoltaic
parameters of the DSC was investigated in the range of 25-80 °C.
Photovoltaic performance parameters (Jsc, Voc, FF, andη) of devices
measured at 25, 40, 60, and 80°C under 1 sun illumination are
shown in Figure 2 with the current-voltage characteristics il-
lustrated in Figure S3. The short-circuit photocurrent increases with
temperature up to 60°C mainly due to the decrease in the viscosity
of the electrolyte, facilitating the mass transport of triiodide ions
as evidenced by the photocurrent transient measurements shown
in Figure S4. Photocurrent may also be gained by thermally
activating electron injection from occupied sensitizer states that are
located near or slightly below the thermodynamic threshold.
Between 60 and 80°C, the photocurrent decreases once again
probably due to enhanced recapture of electrons by triiodide
resulting in lower electron collection efficiency. Following the same
reasoning, the dark current increases with temperature, resulting
in a decrease of the open circuit photovoltage as shown in Figure
S3. The temperature effect on the fill factor remained small in the
investigated domain.
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Figure 1. Current density-voltage characteristic of DSC devices under
AM 1.5 simulated full sunlight (100 mW cm-2) illumination. The inset
shows the incident photon-to-current conversion efficiency plotted as a
function of wavelength of the exciting light. Cell active area) 0.158 cm2.

Figure 2. Effect of temperature on the DSC’s photovoltaic performance.
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The negligible temperature effect in the 25-60 °C range on the
overall photovoltaic performance of the DSC is very remarkable
since the efficiency of conventional p-n junction solar cells drops
significantly over the same temperature range, reducing performance
under real outdoor conditions compared to the standard measuring
conditions. Conventional silicon solar cells with efficiency11 of 12-
14% suffer a 15-20% loss in initial efficiency over the same
temperature range, narrowing their performance advantage over the
DSC under realistic outdoor operating conditions.

DSC devices based on the new ionic liquid electrolyte were
subjected to long-term stability tests that involved heating at 80
°C in dark and light soaking at 60°C for 1000 h. Figure 3a shows
detailed evaluation of the device parameters during the aging at 80
°C in dark and measured at room temperature. Before measurement,
the cell was illuminated under visible light (AM 1.5) for a few
hours. During the thermal aging, there was a drop of 1 mA cm-2

in the short-circuit current density and 40-50 mV in the open-
circuit voltage. During this time period, a 5% increase in the FF
helped to retain 90% of the initial overall photovoltaic efficiency.
This is the first time such an excellent thermal stability at 80°C
was obtained with an ionic liquid electrolyte, which will foster
scientific research and industrial applications of flexible DSC
devices where ionic liquid electrolytes are preferred.

Electrochemical impedance spectroscopy (EIS) was performed
to investigate the interface variation in DSC in order to probe the
photovoltaic parameter variations during the aging processes of
DSC.12 Figure 3b,c shows the Bode phase diagrams and Nyquist
plots of the DSC device measured in dark at-0.70 V bias before
and after the aging at 80°C for 1000 h. Upon aging, the middle-
frequency peak position slightly shifts to higher frequency (Figure
3b), revealing a decrease in the electron recombination time (τ)
from 17.1 to 8.9 ms. The decrease of electron lifetime explains the
drop of Voc observed upon aging the cells.

Using the equationD ) L2/τd, one derives from the fittedτd of
the lower frequency arc in Figure 3b and the estimated electrolyte
layer thickness (L ) half of the thickness of the cell)13 a diffusion
coefficient of triiodide of 6.6× 10-7 cm2 s-1, in agreement with
the value determined above by microelectrode voltammetry. The
increase in the radius of the low frequency hemicycle in the Nyquist
plot shows that the diffusion resistance augments during aging
probably due to a decrease in the triiodide concentration caused
by reaction with impurities.11b The position of the high frequency
peak corresponding to the charge transfer reaction at the counter
electrode (I3- + 2e ) 3I-) retains a similar value for fresh and
aged cells, indicating a stable interface of Pt/electrolyte.

The DSC device also exhibited photostability when submitted
to accelerated testing in a solar simulator at 100 mW cm-2. The
cells were covered with a 50µm thick layer of polyester film as a
UV cutoff filter (up to 400 nm). The device photovoltaic conversion
efficiency retained more than 90% of its initial value even after
1000 h under light soaking at 60°C (Figure S5).

In conclusion, we have obtained 7.0% energy conversion
efficiency at full sunlight by employing a novel ionic liquid, and a
stable DSC device performance after aging at 80°C and under AM
1.5 full sunlight at 60°C for 1000 h has been demonstrated.
Contrary to conventional silicon solar cells, DSC device perfor-
mances were only negligibly influenced when increasing the
operational temperature from ambient to 60°C. The observed stable
performance of IL-based DSCs under accelerated thermal stress
and light soaking will further stimulate the practical applications
of DSC, particularly in flexible devices.
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Figure 3. (a) Evolution of photovoltaic parameter (AM 1.5 full sunlight)
of device during continued thermal aging at 80°C in the dark. (b) Bode
phase plots and (c) Nyquist plots of the device for fresh (black) and aging
cells (red) at 80°C for 1000 h, measured at-0.7 V bias in dark.
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