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In the past decade, nanocrystalline dye-sensitized solar cells
(DSCs) have attracted considerable interest in scientific research
and industrial applications as a new class of low-cost solar cells.’
Recent achievements in the long term stability under thermal and
light-soaking stress have further enhanced the commercial prospects
of DSCs.? The counter electrode (CE) is an important component
in DSCs. Fluorine doped tin oxide (FTO) glass loaded with noble
metal platinum is commonly used as the CE, Pt exhibiting high
electrocatalytic activity for triiodide reduction. In view of the low
abundance and high cost of platinum, several previous reports
described Pt-free CEs for the DSC,? including graphite and carbon
black, carbon nanotubes, and conducting polymers. However, the
device efficiencies have remained below 5% with nonvolatile
electrolytes, and no long-term stability data have been reported.>
Conductive plastic substrates, based on polyethylene terephthalate
(PET) or polyethylene naphthalate (PEN) films, have been applied
to fabricate DSCs,* and an efficiency of 7.2% was reached for a
flexible dye sensitized solar cell using a Pt/ITO/PEN counter
electrode.” However, these cells contained electrolytes based on
volatile solvents, which may permeate through the PEN film under
prolonged heat stress. This problem can be avoided by using room
temperature ionic liquids (ILs) such as the recently reported eutectic
melts® which have emerged as very attractive redox electrolytes
for flexible DSC applications.

Apart from the electrolyte it is important to develop alternative
noble metal-free materials capable of replacing Pt as electrocatalysts.
Cyclic voltammetry experiments have shown that CoS deposited
as a quasi-transparent layer on ITO/glass is more electrocatalytic
than bulk Pt (disk electrode) for the reduction of triiodide.” Here
we report on our striking observation that CoS nanoparticles,
deposited electrochemically on flexible ITO/PEN films (see Sup-
porting Information), match the performance of Pt as a triiodide
reduction catalyst in DSCs. Remarkably, the novel flexible and
transparent CoS loaded counter electrodes showed also excellent
stability in IL-based DSCs under prolonged light soaking at 60 °C.
Clearly the CoS has an advantage for large scale application as
being a much more abundant and cheaper feedstock than Pt, with
the cost of cobalt several hundred times lower than that of platinum.

Electrochemical analysis employed cyclic voltammetry and
impedance spectroscopy to scrutinize the catalytic activity of the
CoS loaded ITO/PEN films. Figure la shows the current density
(/) as a function of voltage (U) at 20 °C for the iodide/triiodide
containing ionic liquid using a CoS derivatized plastic CE in a thin
layer symmetrical cell (CE//IL//CE). For comparison, the J/—U curve
of a Pt loaded ITO/PEN film is also presented. The system behaves
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reversibly. At low sweep rates, the limiting current densities (Jjim)
are determined by the diffusion of the ionic carriers between the
two plastic electrodes, which allows us to derive the value of the
diffusion coefficient of the triiodide species to be 3.6 x 1077 cm?
s~ ! (see Supporting Information), which is in good agreement with
the reported values.®®
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Figure 1. (a) Current—voltage characteristics of thin layer symmetrical
cells at 20 °C and (b) Charge transfer resistance-temperature (left ordinate)
and exchange current density—temperature data (right ordinate) in the
Arrhenius coordinates: (A, black) CoS loaded PEN film and (B, red) Pt
deposited PEN film.

The anodic and cathodic branches of the /J—U plot (Figure la in
logarithm scale) show a larger slope for the CoS loaded CE,
indicating a higher exchange current density (Jo) on this electrode
in terms of the Tafel equation. Using electrochemical impedance
spectroscopy, we characterized the catalytic activity of the different
counter electrodes for the reduction of triiodide. Figure S1 shows
the Nyquist plots obtained from various thin layer symmetrical cells
with the same electrolyte composition at 20 °C. Charge transfer
resistance (R.) was obtained by fitting the arc observed at higher
frequencies in Nyquist plots (leftmost semicircle) to the Randles
circuit shown in the inset of Figure S1. R, indicates the electron
transfer resistance and thus varies inversely with the triiodide
reduction activity of the different counter electrodes. Figure 1b
presents R (left ordinate) for different cells. Compared to the Pt
deposited PEN film, the CoS deposited PEN film shows a higher
catalytic activity. The CoS deposited PEN film has an R, of 1.8 Q
cm? at 20 °C, a value less than that of the PEN coated with Pt (2.2
Q cm?) but greater than that of the widely used thermal platinized
FTO/glass CE (1.3 Q cm? Figure S2). The exchange current
density, Jo, is calculated from impedance spectroscopy data to be
14.2 and 11.7 mA cm 2 at 20 °C for the CoS deposited PEN film
and Pt loaded PEN film (see Supporting Information), respectively.
This demonstrates that the electrochemical triiodide reduction
reaction on the CoS deposited PEN film is comparatively enhanced.
The temperature dependence of J, (Figure 1b, right ordinate) follows
the Arrhenius equation. Compared to the precious metal based
catalysts (Pt deposited on ITO/PEN or FTO/glass), the CoS
deposited ITO/PEN electrode shows good catalytic activity for
triiodide reduction (Figure S2).”
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Figure 2. (a) Current—voltage characteristics measured in the dark and
under illumination of AM 1.5G full sunlight (100 mW cm™2): devices A
and B using CoS and Pt deposited ITO/PEN film as CE, respectively. (b)
Detailed photovoltaic parameters of device A measured under an irradiance
of AM 1.5G sunlight during successive one sun visible light soaking at 60
°C.

Figure 2a compares the performance of two Z907Na sensitized
nanocrystalline solar cells employing the same eutectic ionic liquid
as the electrolyte but using (A) a CoS/ITO/PEN film and (B) a
PUYITO/PEN film as the CE under standard simulated AM 1.5
illumination at 100 mW cm™2. The photovoltaic characteristics of
device A were Vo, 0.75 V; Ji, 11.91 mA ¢cm™?; FF, 0.73; and 7,
6.5% while those of device B were V., 0.71 V; Ji, 13.7 mA cm™%;
FF, 0.67; and 5, 6.5%. It is interesting to note that V,. and FF of
device A were higher than those of device B which were
compensated by a somewhat low J,. value. The observed difference
is attributed to the higher proton concentration in the case of Pt/
ITO/PEN, shifting the TiO, conduction band toward a more positive
potential. This lowers the V. and increases the J,. values. A likely
source of protons is the hydrolysis reaction of the titanium/TiO,
underlayer used to support the platinum catalyst in the case of the
commercial Pt/ITO/PEN electrodes. The long-term stability of
device A was tested by subjecting it to light soaking at 60 °C under
full sunlight. As shown in Figure 2b, after 1000 h of light soaking
at 60 °C, the photovoltaic parameters J., V., and FF of device A
were 13.6 mA ¢cm 2, 0.6 V, and 0.67, respectively, indicating that
the 7 value retained 85% of its initial value. To the best of our
knowledge, this is the first time such a good stability was achieved
for a DSC based on the ITO/PEN counter electrode. The novel
CoS electrocatalyst is instrumental in bringing about this remarkable
performance with a solvent-free electrolyte.

10° =
£ (a b}
3 10 L
10‘[ L] 3
NE103: .. "g ......
& 1 o ° a "Beppg
o 1 B ° S
o« 10'!' I. [} o’
10'F @ device A, fresh ® . device A, fresh
g E o A o 04 o :
0.4 0.5 0.6 1 . 10
uiv J o | MA CM

Figure 3. Equivalent circuit components derived from impedance measure-
ments under dark conditions at 20 °C for the fresh and aged device A (CoS):
(a) Electron transport resistance (R,) in the TiO, film and (b) Charge transfer
resistance (R at counter electrode/IL interface.

Electronic impedance measurements were performed to elucidate
any changes in the individual circuit elements for the fresh and the
aged DSC devices after a long-term light soaking test. Figure 3
compares the electron transport resistance (R,) in the mesoporous
TiO, film and the charge transfer resistance (R.) on the CE/IL
electrolyte interface. The TiO, conduction band edge (E.,) and/or
the Fermi energy level of the redox couple (Eg,) movement can be
monitored by tracing R, in the nanocrystalline titania film.® The

logarithm of R,, which depends on the number of free electrons in
the conduction band, shows parallel behavior (Figure 3a). With an
identical value of R, set in Figure 3a, a potential difference of ~120
mV was found between the fresh and aged device A, which was
mainly attributed to the downward shift of the TiO, conduction
band edge. This corresponds to the drop of V. (~120 mV) in device
A during the aging process. This effect is quite commonly observed
and has been attributed to photoinduced proton intercalation into
the titania.® Finally, a slight decrease in R, at the CE/IL interface
(Figure 3b) was observed upon aging, which can be attributed to
the enhanced triiodide reduction or better contact between the
electrolyte and the CoS catalyst.” Thus apart from being very active,
the new catalyst is also highly durable.

In summary, we have demonstrated, for the first time, that CoS
is very effective in catalyzing the reduction of triiodide to iodide
in a DSC, superseding the performance of Pt as an electrocatalyst.
For the first time, CoS deposited ITO/PEN films were used as the
counter electrodes in DSCs yielding 6.5% efficiency under full
sunlight in conjunction with a Z907 sensitizer and an eutectic melt
electrolyte. Remarkable cell stability under prolonged light soaking
and thermal stress was demonstrated rendering CoS an extremely
interesting candidate to replace Pt in photoelectrochemical cells
employing the iodide/triiodide redox couple. This breakthrough will
contribute to lowering the cost of the DSC, fostering large-scale
lightweight outdoor applications of mesoscopic sensitized solar
cells.
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