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ABSTRACT: Further development of quantum dot-
sensitized solar cells (QDSCs) will require long-term
stability in addition to the continuous increase of
photovoltaic (PV) conversion efficiency achieved in the
last years. We report a robust S*7/S,>~ electrolyte that has
been specifically designed for compatibility with CdSe
quantum dots in sensitized solar cells. The new
pyrrolidinium ionic liquid reaches 1.86% efficiency and a
short-circuit current close to 14 mA-cm™ under air-mass
1.5 global illumination and improves the device lifetime
with good photoanode stability over 240 h. PV character-
ization showed that the solar cell limitations relate to poor
catalysis of regeneration at the counter electrode and high
recombination. Further improvement of these factors in
the robust electrolyte configuration may thus have a
significant impact for advancing the state-of-the-art in
QDSCs.

he demand for clean energy technologies has spurred

academic and technological interest in new and efficient
ways to generate electricity from renewable natural resources.
Among innovative photovoltaic (PV) approaches, semiconduc-
tor-sensitized solar cells (SSSCs), including quantum dot-
sensitized solar cells (QDSCs), have exhibited a rapid evolution
in energy conversion efficiency in the past few years and are
now attracting growing research interest. Since SSSCs possess
strong similarities to dye-sensitized solar cells (DSCs), the
impressive background gained in the last two decades on the
latter may serve to accelerate the advancement of SSSCs.
However, electrolytes containing I7/I;~, which show the
highest performance in DSCs, cannot be used in SSSCs
because of their corrosive character. Electrolytes containing
alternative redox pairs, such as $*7/S,>” and [Co(o-
phen);]**/3*, have thus been proposed for SSSCs. Here, a
pyrrolidinium ionic liquid (IL)-based electrolyte containing
§*7/S,> is introduced to be used in CdSe QDSCs, improving
the device lifetime and reaching a conversion efficiency of
1.86% and short-circuit currents close to 14 mA-cm™> under air-
mass 1.5 global illumination, with good photoanode stability
over 240 h. Moreover, the present IL electrolyte may be used in
other devices such as chalcogenide-based photoelectrochemical
solar cells to solve their stability limitations. The present results
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may thus have a significant impact not only for enhancing the
strengths of new PV approaches but also for solving the
weaknesses of old concepts.

Metal oxide-based sensitized solar cells have attracted
considerable attention in the recent past. ILs became a vital
part of electrolytes in DSCs,"” also showing promise for other
electrochemical devices where nonvolatility, nonflammability,
and high ionic conductivity are in high demand. Research areas
where ILs have become invaluable also include lithium
batteries, fuel cells, double-layer capacitors, and actuators.’
The I"/I;” redox couple has played a central role in charge
transport in DSCs, first dissolved in organic solvents* and later
in ILs."* The inorganic semiconductor sensitizers®® are now
emerging as appealing alternatives to organic dyes because they
exhibit a relatively high molar extinction coefficient and
efficiently absorb a broader portion of the solar spectrum.
QDs are also especially interesting because of their potential
multiple exciton generation, opening wide possibilities for
further enhancement of the conversion efficiency. However, the
I"/1;™ electrolytes cannot be used for solar cells sensitized with
inorganic semiconductor light absorbers'" such as chalcogenide
QDs because of the highly corrosive nature of polyiodide
species,' "> unless they are protected with a TiO, coating."
Therefore, alternative redox couples such as Fe(CN) /3~ '*
and $*7/8,2~ 7" in aqueous media and [Co(o-phen),]**/3* ¢
in organic media have been proposed as alternative electrolytes.
Although the aqueous S$*7/S,*” electrolyte is the most
frequently used when investigating QDSCs,””"® this redox
couple remains poorly defined because of the complex
chemistry of sulfur species in water, leading to gradual
disproportionation reactions generating sulfide and oxosulfur
species (SO,;*7, SO,*7) and thus consuming the redox couple.
Moreover, the eventual corrosion of the chalcogenide
compounds in aqueous electrolytes was pointed out as a
major problem of photoelectrochemical cells based on single-
crystal or polycrystalline layers of CdSe.'” IL-based electrolytes
containing redox couples compatible with inorganic sensitizers
thus appear to be highly attractive not only for enhancing the
robustness and performance of innovative solar cell architec-
tures such as QDSCs but also to surpass the limitations of old
concepts and therefore revive their strong potentials.
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In view of the above, the first-ever pyrrolidinium IL
comprising sulfide anion was synthesized and tested as a key
component of a redox electrolyte for QDSCs."® It was prepared
by anion exchange of 1-butyl-1-methylpyrrolidinium chloride
and Na,S-9H,0 in methanol/acetonitrile (Scheme 1a). Since

Scheme 1. (a) Synthesis of 1-Butyl-1-methylpyrrolidinium
Sulfide; (b) Equilibrium Scenario for HS™ and $>7; (c)
Formation of the IL $*/S,>” Redox Couple
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the highly predominant sulfide species in protic solutions is
HS~,! exchange of monovalent Cl™ takes place with
monovalent HS™. The driving force for this exchange is
formation of NaCl, which precipitates from the aforementioned
solution. This solvent mixture proved best for removing traces
of chloride originating from the initial IL. The novel sulfide IL
was then isolated in vacuo and analyzed. More details can be
found in the Supporting Information (SI).

The analysis of the cation is unambiguous (Figure S1 in the
SI), whereas it is believed that the anion is composed of an
equilibrium between HS™ and S*~ (Scheme 1b). The types of
anion and especially the ratio between them are rather difficult
to determine with precision. Molecular sulfur was dissolved in
the sulfide IL, leading to the formation of the $*7/S,>” redox
IL. The dissolution of molecular sulfur was accompanied with
the formation of H,S gas, indicating the instability of HS,™ and
the formation of S~ (Scheme 1c).

The novel IL $*7/S,>” redox couple was studied electro-
chemically and with several spectroscopic techniques. Cyclic
voltammetry (Figure 1) showed that the oxidation potential of
the sulfide IL (curve a) was at 1.0 V vs Ag/Ag,S, which is
comparable to the oxidation potential of 1-methyl-3-propyli-
midazolium iodide (0.9 V vs Ag/Agl)*® measured in the same
manner using a Pt microelectrode. The oxidation potential of
the IL with an equimolar sulfur ratio was shifted to 0.8 V with a
severe increase in current, signaling the formation of a redox
couple as shown in Figure 1, curve b. A further drastic increase
in the current was observed after the addition of the solvent
mixture (1:1 v/v acetonitrile/valeronitrile), as depicted in
Figure 1, curve c.

Measurements of the ionic conductivity (1) revealed
unusually high conductivity for the rather viscous initial sulfide
IL (Table 1). For comparison, A was ~4 times higher than for
the analogous iodide IL.>' The high 4 for the sulfide IL could
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Figure 1. Cyclic voltammetry of 1-butyl-1-methylpyrrolidinium
sulfide: (a) pure, (b) containing an equimolar amount of sulfur, and
(c) diluted with 2 equiv of a 1:1 acetonitrile/valeronitrile solvent
mixture.

Table 1. Ionic Conductivities (A) and Diffusion Coefficients
(D) of IL Electrolytes”

electrolyte composition

parameter IL IL + sulfur IL + sulfur + solvent
A (mS/cm) 74 64 8.9
D (cm?/s) 47 x 1078 49 x 1078 29 x 1077

“Compositions are the same as in Figure 1. The solvent was 1:1 (v/v)
acetonitrile/valeronitrile.

be attributed to the high proton conductivity** via the Grotthus
mechanism by proton hopping from one sulfur to another (H—
S™-+-H). The loss of HS™ anions in the form of H,S and the
formation of S~ (Scheme 1b) could be the main reason for the
drop in A after the addition of sulfur (Table 1).

To corroborate this assumption, diffusion coefficients (D) of
sulfide-related species were estimated (see the SI). They
confirmed that sulfide was not behind high conductivity of the
sulfide IL, as D was nearly 3 times lower than for the iodide
IL.>®> With the addition of an equimolar amount of molecular
sulfur, D was nearly unaffected (increased by only 4%). This
observation reinforces the hypothesis that loss of HS™ is a main
cause of the decrease in A for the $?7/S,>” redox IL with respect
to the sulfide IL. However, with the addition of solvent, D
increased dramatically (nearly 6-fold; Table 1). By correlating
the A and D values, we can conclude that the ionic conduction
in the sulfide IL occurs mainly via the Grotthus mechanism.
However, upon addition of sulfur, the contribution of sulfide-
related species becomes significant, especially in electrolytes
containing organic solvents.

PV characterization of CdSe-sensitized solar cells using the
$*7/S,>” redox IL-based electrolyte was carried out, and the
results are summarized in Figure 2 and Table 2. TiO,
photoanodes were used to prepare the solar cells. TiO, was
sensitized with CdSe grown by successive ionic layer adsorption
and reaction (SILAR), with a final coating of ZnS. Platinized
conductive glass was used as the counter electrode, allowing the
sealing of the cell. The $*/S,>” redox IL was tested in its pure
form (pure, i.e., sulfide IL + sulfur) and diluted 1:2 (w/v) or 1.7
M in 1:1 (v/v) acetonitrile/valeronitrile (1—2). A dramatic 44%
increase in PV conversion efficiency was obtained after dilution
of the IL (1.86% vs 1.29% for the pure IL). This increase
streams from the higher open-circuit voltage (V) (0.42 vs 0.38
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Figure 2. (a) Current density—voltage (J—V) curves under 1 sun
illumination and (b) incident photon to current conversion efficiency
(IPCE) for SSSCs using the IL in its pure form and diluted with 2
equiv of 1:1 (v/v) acetonitrile/valeronitrile.

Table 2. PV Parameters of the Solar Cells Tested with the
Pure IL and the IL Diluted in 1:1 Acetonitrile/Valeronitrile®

Ve V) Jie (mA/em?®)  JT (mA/cm?) FE 17 (%)
pure 0.38 9.57 9.01 0.35 1.29
1-2 0.42 13.85 10.51 0.32 1.86

“Abbreviations: V., open-circuit voltage; J, short-circuit current
density; FF, fill factor; 7, efficiency. The theoretical short-circuit
current obtained after integration of the IPCE with the AMILS

spectrum (JE°F) is also included.

V) and especially from the higher short-circuit current density
(J..) (13.85 vs 9.57 mA/cm?).

In addition to the J—V measurements, J,. was also estimated
by integrating the spectral response of the device, characterized
through the incident photon to current conversion efficiency
(IPCE) measured under relatively low illumination (Figure 2b).
Although relatively higher estimated and measured J. values
were obtained for diluted electrolytes, the differences are lower
for the J,. estimated from the IPCE. This observation suggests
that diffusion limitations may be significant in the pure $>7/S,*”
redox IL under 1 sun illumination. The discrepancy between
the estimated and measured J,. values can be attributed to two
different effects. A light reflecting surface after the cell was used
for J-V measurements. In addition, since the illumination
intensity was considerably higher for measurement of the J—V
curves, the role of thermal effects on the properties of the IL,
particularly viscosity and hence diffusion of ionic species, was
also important in the photocurrent increase. In fact, ]
increased with a light soaking. The photocurrents reported in
Table 1 were obtained after 20 min of light soaking. In this
context, it is worth mentioning that D > 3 X 1077 cm?/s was
measured for the pure $*7/S,” redox IL at 50 °C, which may
be close to the device temperature under the simulated
sunlight.

To understand further the PV performance of the tested
solar cells, impedance spectroscopy (IS) characterization was
carried out. This technique allows the separation of the
individual contributions of the different elements of the PV
device (sensitized electrode, counter electrode, diffusion in the
electrolyte, and resistance at the contacts for each applied
voltage bias, Vapp).24 The chemical capacitance (Cl,) and
recombination resistance (R,.) were extracted from IS
measurements using a previously developed model.***** In
Figure 3a, C, is plotted against the voltage drop at the

f
sensitized electrode, Vg, determined by subtracting from V,,
the voltage drop at the series resistance (Vi = Vipp = Vieries)-
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Figure 3. (a) Chemical capacitance (C,) vs electrode potential (V)
and (b) recombination resistance (R,..) vs equivalent conduction band
potential (V,y,) for QDSCs using the pyrrolidinium IL in its pure form
and diluted with 2 equiv of 1:1 acetonitrile/valeronitrile.

The slope of C, reflects the exponential density of states of
Ti0,.***° Since no significant shift in the potential onset of the
oxidation waves from the pure and diluted $*>7/S,*” redox IL
was detected by cyclic voltammetry (Figure S2), the 0.12 V
offset between the two capacitance curves (Figure S3) points
out the downshift of the conduction band of TiO, after
electrolyte dilution. This behavior was observed previously after
surface modification of TiO, by coating with ZnS or molecular
dipoles®” and with increasing number of CdSe SILAR cycles.®
To compare the R, values on the basis of a similar electron
density [i.e., the same distance between the electron Fermi level
(Eg) and the conduction band (CB) of TiO, (Ecg)], the C,
curves were overlapped by applying a +0.12 V shift to the curve
of the 1—2 sample (Figure S3), and the same shift was applied
for R.. (Figure 3b), where the voltage scale is V,y (the
potential for an equivalent conduction band).** The downward
displacement of the TiO, CB increases the photoelectron
injection driving force, producing a higher photocurrent in the
case of the diluted electrolyte. On the other hand, the higher
R, observed in Figure 3b for the diluted IL is responsible for
the higher V. obtained (Figure 2a and Table 2).°

Comparing the results obtained for the IL with the previous
ones using an aqueous polysulfide electrolyte, we observe
similar photocurrents but a decrease in FF and V,.* The lower
FF is a consequence of the platinized counter electrode used in
this case, which is simpler to seal than the brass foil used to
produce Cu,$ counter electrodes.”® The lower V. may be due
to a high recombination process® but also affected by the small
(~80 mV) shift in the redox level of the $>7/S,>™ IL versus the
analogous aqueous system (Figure S4).

The great interest in ILs for the preparation of sensitized
solar cells is to obtain cells with higher long-term stability. The
stability of the solar cells with the $*7/S,>” redox IL-based
electrolytes was tested, and no significant drop was measured
for J,. and V, over 10 days (240 h) for solar cells with the pure
and diluted electrolyte (Figure SS). This indicates excellent
stability for the TiO,/CdSe photoanode. As far as we know,
this is the highest reported stability for polysulfide-based
electrodes in QDSCs. The measured drops in conversion
efficiency of the full device were similar for the two electrolytes
(35% decrease) and can be ascribed mainly to the decrease in
FF, especially in the case of the diluted sample. This is due to
an increase of the charge transfer (CT) resistance at the Pt
counter electrode interface, which is related to electrode
contamination. It is well-known that the photocatalytic activity
of Pt with polysulfide-based electrolytes is poor.>*>°
Consequently, the use of a different counter electrode material
(e.g, Cu,S,>® PbS,>' Cu,S—reduced graphene oxide compo-
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site®”) should lead to significantly higher stability of the full
device, but in that case, technical problems for sealing the
device would have to be solved. In this sense, is mandatory to
develop efficient counter electrodes from the CT point of view
and with the capability of easy sealing.*®

In conclusion, we have designed and synthesized a novel
pyrrolidinium-based IL for its application as a stable electrolyte
in QDSCs. The PV efficiency of CdSe solar cells reached a
promising 1.86% under 1 sun illumination, with excellent
photoanode stability over 10 days, which could be further
improved by optimizing the configuration of the cell. This
could be done by reducing the series resistance using a less
resistive counter electrode and by increasing V. by introducing
more open TiO, structures.**
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