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ABSTRACT Polymer electrolytes based on mixtures of poly(ethylene oxide-co-propylene oxide) and 1-methyl-3-propyl-imidazolium
iodide (MPII) were investigated, aiming at their application in dye-sensitized solar cells (DSSC). The interactions between the copolymer
and the ionic liquid were analyzed by infrared spectroscopy and 'H NMR. The results show interactions between the ether oxygen in
the polymer and the hydrogen in the imidazolium cations. The ionic conductivities, electrochemical behaviors, and thermal properties
of the electrolytes containing different concentrations of MPII were investigated. The electrolyte containing 70 wt % MPII presented
the highest ionic conductivity (2.4 x 107> S cm™") and a diffusion coefficient of 1.9 x 1077 cm? s™". The influence of Lil addition to
the electrolytes containing different concentrations of MPII was also investigated. The DSSC assembled with the electrolyte containing
70 wt % MPII showed an efficiency of 3.84 % at 100 mW cm 2. The stability of the devices for a period of 30 days was also evaluated
using sealed cells. The devices assembled with the electrolyte containing less ionic liquid showed to be more stable.
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INTRODUCTION

ince Gréatzel’s pioneering work on efficient dye-

sensitized solar cells (DSSC) (1), this kind of technol-

ogy has attracted significant attention from the sci-
entific and industrial community. These devices were usually
assembled with a liquid electrolyte, but the presence of this
liquid component was considered a drawback, especially
considering the long-term stability of the devices. One
alternative to the liquid electrolyte is the use of polymer hole
conductors (2) or polymer electrolytes (3—11). The combi-
nation of a coordinating polymer and a suitable salt has the
advantages of their solid state and their conducting nature.
However, the increased viscosity leads to a low and limited
ionic transport (12) and an insufficient penetration of the
electrolyte into the nanoporous titania photoelectrode (13).
Thus, the devices using pure polymers present lower values
of current, fill factor, and efficiency when compared to DSSC
assembled with liquid electrolytes (3).

Considering this, the addition of high-boiling-point or-
ganic solvents or low-molar-mass polymers has made poly-
mer gel electrolytes more attractive. Polymer gel electrolytes
possess higher ionic conductivity, comparable to those
observed for liquid electrolytes. Besides, it has been dem-
onstrated that the amount of salt dissolved in the electrolyte
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can be increased after addition of the organic solvent,
leading to a more efficient reduction of the dye cation in the
DSSC (10). However, the mechanical properties are poorer
than those of the pure polymer electrolyte, and although the
gel electrolyte has lower viscosity, it does not guarantee a
complete filling of the titania photoelectrode. Therefore,
even in the case of gels, special techniques such as the
deposition of the electrolyte under a vacuum should be
employed to improve the devices’ efficiency (14). An elegant
alternative was proposed by Kang and coworkers (15),
where polymer electrolytes based on a low-molar mass
poly(ethylene glycol) with special terminal functional groups
were combined with an ionic liquid and, in the liquid state,
introduced into the TiO,-sensitized photoelectrode. After
drying, the hydrogen bonding promoted between the ter-
minal groups yields a solid-state film, resulting in a solid-
state DSSC with high efficiency because of the better pen-
etration of the electrolyte into the titania film.

In this context, the use of room temperature ionic liquids
(IL) is an interesting alternative to make gel electrolytes.
These ionic liquids were first investigated in 1951 (16). Since
then, their application in electrochemical devices has been
exploited because of their attractive properties, such as
chemical and thermal stability, nonvolatility, and high ionic
conductivity at room temperature. DSSCs with efficiencies
above 7% using ionic liquid-based electrolytes have been
reported (17—19).
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Most of the ILs present a wide electrochemical stability
range and high viscosity, and they can act as solvent (20) or
gellators to liquid electrolytes (21, 22) or be combined with
solid materials, such as a polymer or an inorganic nanopar-
ticle (23), to give gels (24—27). In fact, considering DSSC with
polymers and IL, at least two different approaches have been
reported in the literature: (i) the combination of polymers
or copolymers with IL, to improve both the ionic conductivity
and the mechanical properties of the electrolyte (28—32);
and (ii) the polymerization of ionic liquids or the insertion
of IL molecules into a polymer chain, in order to make ionic
conducting polymers (33 -36).

The incorporation of an IL in the polymer electrolyte may
substitute the addition of other iodide-based salts, such as
Lil, Nal, or KI, because this material can be used as a source
of iodide ions in the solar cells. Also, large amounts of IL can
be dissolved in the polymer medium because of the interac-
tion of the imidazolium cation with the oxygen atoms
present in the ethylene oxide units (37), and therefore, the
number of charge carriers can be increased. In addition, for
the ionic liquid system, the change in open circuit voltage
(Voo) is negligible because of the larger size of cations (38)
and the good charge delocalization can well-restrain the
recombination reaction (23). Thus, in the case of bulk
cations, which cannot penetrate into the dye molecular
layer, or intercalate, the triiodide anion, as an electron
acceptor will experience a repulsive force to penetrate the
dye layer (39).

Although many papers have shown the improvement in
DSSC performance using electrolytes that combine IL with
several different types of materials, only a few papers
present the investigation of an electrolyte based solely on
the IL as ionic source. This work sets forth the characteriza-
tion of polymer electrolytes based on the combination of a
copolymer of ethylene oxide and propylene oxide and
I-methyl-3-propyl-imidazolium iodide, with and without the
addition of Lil, and their application in dye-sensitized solar
cells.

EXPERIMENTAL SECTION

Preparation of the Polymer Gel Electrolytes. Polymer
electrolyte solutions were prepared by dissolving 0.3 g of
poly(ethylene oxide-co-propylene oxide), P(EO-PO), with a
comonomer ratio of 77/23 and 20, 40, or 70 wt % of ionic liquid
1-methyl-3-propyl-imidazolium iodide (MPII, Solaronix) in ac-
etone. The solutions were stirred for 24 h and I, was then added
to obtain a MPII:I, molar ratio of 10:1. All the materials were
used as received. The copolymer was furnished by Daiso Co.
Ltd. (Osaka, Japan), and the molar mass reported by the supplier
was ~1 x 10° ¢ mol™'. The electrolyte solutions were kept
under stirring for 72 h before the measurements.

Ionic Conductivity Measurements. The polymer solutions
were dropped onto stainless steel disks, using adhesive tape to
control thickness, and the solvent was evaporated in an air
atmosphere for 48 h. After this period, they were kept in a
desiccator with P,Os5 to remove excess moisture. The systems
were sandwiched using a second stainless steel disk, and dried
under vacuum for 72 h before the measurements.

The electrochemical impedance spectroscopy (EIS) measure-
ments were done by placing the samples in a Mbraun drybox
([H,O] < 1 ppm, under an argon atmosphere) and using an Eco
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Chimie-Autolab PGSTAT 12 potentiostat with a FRA module.
The frequency range analyzed was 1 x 10°to 1 x 10° Hz with
amplitudes of £10 mV over the open circuit potential. The ionic
conductivity values were calculated from the Nyquist plots.

Instruments and Measurements. The electrochemical prop-
erties of the polymer gel electrolytes were further investigated
using a symmetric thin-layer cell, where the polymer electrolyte
film was placed between two Pt-coated transparent conductive
oxide-coated glass (TCO) electrodes with an active area of 1 cm?.
The film thickness (~60 um) was controlled using adhesive tape.
EIS measurements were performed using the frequency range
from 1 x 107*to 1 x 10° Hz using conditions as described in
ionic conductivity measurements.

The thermal properties of the polymer gel electrolytes were
characterized by differential scanning calorimetry (DSC) using
a TA Instruments Thermal Analyzer model 2100, coupled to a
TA 2100 Data Analysis System, under a nitrogen flow rate of
100 mL min~" and according to the following procedure: (1)
heating from room temperature to 100 at 20 °C min™'; (2)
isotherm for 5 min at 100 °C; (3) cooling to —100 at 10 °C
min~!; (4) second heating to 100 °C at a heating rate of 10 °C
min~!. The results presented here are based on the second
heating step.

"H NMR spectra were recorded using a Bruker 250 spectrom-
eter operating at 250 MHz, employing deuterated chloroform
as solvent and tetramethylsilane (TMS) as standard (zero).

Dye-Sensitized Solar Cells. DSSC were assembled using TCO
electrodes (Hartford glass, Rs &~ 10 Q0) as substrates for both
photoelectrode and counter-electrode (CE). CE were prepared
by spreading a 50 mmol L™' solution of H,PtCl, in isopropanol
onto the TCO substrate, and then firing at 350 °C for 20 min,
yielding semitransparent Pt-based CE. For preparation of the
oxide photoelectrodes (active area of 0.25 cm?), an aliquot of a
commercial TiO, suspension (Ti-Nanoxide T, Solaronix) was
spread onto the TCO by the “doctor blading” technique, using
3 layers of adhesive tape (Scoth Magic Tape, 3M; thickness ~50
um) to control the film thickness. After drying in air for 5 min,
the films were heated at 350 °C for 15 min and at 450 °C for
30 min. The TiCl, treatment was applied as previously described
(40) by soaking in a 50 mM TiCl, solution for 30 min at 70 °C,
followed by a water rinse and an identical heat treatment. This
procedure gave TiO; films with 7 um of thickness, as measured
in an Alpha-Step profilometer. The electrodes were immersed
ina 0.15 mmol L™! solution of the sensitizer tetrabutylammo-
nium cis-bis(isothiocyanate)bis(2,2-bipyridyl-4,4-dicarboxylate)-
ruthenium(Il) (N719, Solaronix) in absolute ethanol for 18 h.
After that, the electrodes were rinsed with ethanol and dried in
air for 5 min. The devices were sealed by Himilan (Mitsui-
Dupont Polychemicals) and the internal space was filled with
the electrolyte solution using a vacuum pump. Afterward, the
solar cells were heated to 100 °C under a vacuum to remove
acetone. This procedure was repeated several times until a
uniform layer of the polymer gel electrolyte was obtained. The
hole on the counter electrode glass substrate was sealed with a
cover glass and Himilan film.

The DSSC were characterized under irradiation of an Oriel
Xe (Hg) 250 W lamp with AM 1.5 filter, used to simulate the
solar spectrum. The light intensity was adjusted using a Newport
Optical Power Meter. Current—potential curves (I—V curves)
were obtained using linear sweep voltammetry at 1 mV s™!
using an Eco Chimie-Autolab PGSTAT 10 potentiostat.

RESULTS AND DISCUSSION

Ionic Conductivity Measurements. Figure 1A dis-
plays the plots of ionic conductivity of the electrolyte based
on P(EO-PO) as a function of MPII content. The maximum
amount of 70 wt % MPII was chosen because this is the
maximum concentration for good mechanical properties, as

IENAPPLIED MATERIALS 2871

XINTERFACES




A '
103- /
@
o
= =X
. )
£
O 0%
w
2 ]
© 40°
‘%CHZ—CHI—O%CHZ—CH—O%
107 ! | "
CH;

0 10 20 30 40 50 60 70 80
MPII / wt %

[ |
- .><o__————o
1 0.3 ] .\

B —E—70 wt % MPII
—8— 40 wt % MPII

c/Scm

ST

T T

0 5 10 15 20 25 30
Lil 7wt %

10*

FIGURE 1. Ionic conductivity plots for the electrolytes containing P(EO-PO) and different concentrations of MPII (A) before and (B) after addition
of Lil. The Lil content is expressed as a function of MPII + P(EO-PO) weight. The insets show the structure of the copolymer P(EO-PO), where
n=0.77 and m = 0.23, and the vessel containing the electrolyte with 70 wt % MPII upside down, indicating lack of fluidity of the system in

these conditions.

can be seen by the inset showing the vessel upside down
with no fluidity. Since the solid nature of the electrolyte is
one of the advantages of working with this system, samples
containing more than 70 wt % MPII were not investigated.

For the electrolytes investigated here, the addition of 20
or 40 wt % of MPII to the polymer leads to ionic conductivi-
ties values (~1 x 107*Scm™") comparable to those obtained
for gel electrolytes based on a combination of polymer, salt
and additives (5, 9, 10). When the amount of MPII is
increased to 70 wt %, the conductivity reaches 2.4 x 107>
S cm™!, which is comparable to the values obtained for a
solution of I ions in organic media (41). The ionic conduc-
tivity values obtained here are much higher than those
reported for polymer electrolytes based on PEO or poly(eth-
ylene glycol) with ionic liquids (~1 x 107>Scm™") (15, 28).
This high ionic conductivity may originate from the high
concentration of free 1™ ions in the electrolyte because of
the interaction between the oxygen atom of the copolymer
units and the imidazolium cations. Such interaction will be
carefully discussed in the next section. Besides, the high
concentration of free iodides in the presence of iodine can
lead to the formation of polyiodides as showed in our
previous work (42). These species do not obey the funda-
mental Stokes—Einstein equation (D = RT/67ry), suggesting
a new conductive pathway (electronic conductivity) by the
well-known Grotthus relay-type mechanism (25, 43, 44). As
demonstrated by Gratzel and coworkers (25), the product
Dy is dependent on the electrolyte composition and it is
responsible for the higher diffusion than expected from
polyiodide dimensions.

Figure 1B presents the plots of ionic conductivity for the
electrolytes containing P(EO-PO) and 40 or 70 wt % of MPII,
after addition of different amounts of Lil. For the electrolyte
containing 40 wt % MPII, an increase in the ionic conductiv-
ity is observed when 10 wt % Lil is added and the conduc-
tivity reaches ~2 x 107> S cm™! after addition of 20 wt %
Lil. In these cases, probably there are free oxygen atoms in
the polymer chains, which can coordinate the Li* cations,
and therefore contribute to an effective dissociation of the
salt, leading to an increase in the number of free charge
carriers in the system.
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The addition of 10 wt % Lil to the electrolyte containing
70 wt % MPII does not lead to any improvement in the ionic
conductivity. Contrarily, the addition of higher amounts of
Lil even decreases the conductivity values. Under these
conditions, the system shows similar effect observed to
polymer electrolytes with poly(ethylene oxide) and poly(pro-
pylene oxide), where the dissolution of salt increases the
viscosity due the formation of transient cross-linking points
between ether oxygen atoms and ions (45). Thus, the ionic
mobility (and also the conductivity) is diminished as a
consequence of an increase in the viscosity.

The concentration of 1™ in the electrolyte containing 40
wt % MPIl is ~1.7 mmol g~!, whereas in the electrolyte
containing 70 wt %, such concentration is ~2.5 mmol g~".
The addition of 20 wt % Lil to the former increases the
concentration of iodide to 2.5 mmol g~!, similar to the
condition presented by the system with 70 wt % MPIL
However, the ionic conductivity observed is slightly lower,
possibly because the Li* and I~ ions are not mobile because
of the high concentration of ionic species.

Thermal Analysis. Figure 2 shows the DSC curves for
pure P(EO-PO) copolymer and MPII samples and for the
electrolytes containing P(EO-PO) with 20, 40, or 70 wt % of
MPIIL. In the region investigated, the pure copolymer pre-
sents a glass transition temperature (Tg) at — 66 °C and a
crystallization peak followed by a broad melting transition
between —30 and 50 °C. The estimated melting enthalpy is
15] ¢g7!, corresponding to a crystallinity degree of 6% . The
pure ionic liquid presents only a fusion at — 68 °C. For the
electrolyte containing 20 wt % MPII polymer crystallization
and melting transitions can still be observed, but the crystal-
linity degree is estimated to be only 2 % in this case. For the
electrolytes containing higher amounts of MPII, no crystal-
lization or melting transition are observed, indicating that
the MPII is interacting with the copolymer. For all the binary
mixtures (MPII + P(EO-PO)), the Ty is observed at =56 =+ 1
°C, independent of the ratio between the ionic liquid and
the copolymer. This result suggests that there is a loss in the
polymer chain mobility after addition of the ionic liquid,
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FIGURE 3. 'H NMR spectra of P(EO-PO), MPII, and mixtures contain-
ing different ratios of these materials.

possibly caused by an ion—dipole interaction between the
oxygen heteroatoms in the polymer and the imidazolium
cations.

To further characterize the interaction between the co-
polymer and the ionic liquid, we employed FTIR measure-
ments (see the Supporting Information). The addition of MPII
to the polymer P(EO-PO) leads to a shift in the band
attributed to the C—O—C deformation, which suggests a
decrease in the bond order, indicating an interaction be-
tween the ionic liquid and the polymer. This interaction and
the disappearance of the melting transition of the ionic liquid
and the change of Ty observed in the DSC measurements
indicate that the components of polymer gel electrolyte are
miscible (46, 47).

Further evidence of this interaction is shown in the 'H
NMR spectra (Figure 3). The observation of the interaction
between the imidazolium cation and ether units in solid-state
samples using NMR spectroscopy can be difficult, because
the intermolecular interactions are very intense and can lead
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FIGURE 4. Nyquist diagrams obtained from EIS experiments for
polymer electrolyte films containing P(EO-PO) and (A) 70 and (B)
40 wt % MPII, sandwiched between planar platinum electrodes. The
experimental data are represented by symbols and the solid lines
correspond to the fit using the equivalent circuit shown in the inset.

to complex and broad signs, with low resolution. Therefore,
investigations in a solvent medium can make the visualiza-
tion easier.

In the pure MPII spectra (Figure 3), the signal at 9.90 ppm
can be attributed to the most acid proton in the imidazolium
ring (located in position 1, see imidazolium cation structure
in the inset in Figure 4). This peak is shifted to the weak field
when the ionic liquid is mixed with the copolymer, indicating
interaction between hydrogen 1 and the oxygen from the
copolymer ether units. This shift is more pronounced for the
mixture containing a higher amount of polymer (20 wt %
MPII) as a consequence of the increase in the basicity of the
medium, because of the increase in oxygen content for an
increased copolymer concentration.

The signal attributed to the hydrogen atoms located in
position 3 and 4 (doublet at 7.58 and 7.52 ppm for pure
MPII), on the other hand, presents a shift in the opposite
direction, toward the strong field. This also suggests that the
oxygen atoms interact with the hydrogen in position 1, and
the decrease of the resonance in the imidazolium cation
provided by this hydrogen bond increases the eletronic
density between the carbons located in position 3 and 4
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Table 1. Parameters Obtained by Fitting the Nyquist Plots Depicted in Figure 6, Using the Equivalent Circuit
Rs[C(Rcr0)]; Values for the Diffusion Coefficient Estimated Using eq 1 Are Also Shown

0]
samples Rs (R cm?) Rer (Q cm?) C (uF cm?) Yo (S) B (s'%) D (15)(cm?s™)
70% MPII 48.0 11.4 0.4086 13.74 1.9 x 1077
40% MPII 90.1 39.1 10.86 0.1344 20.33 8.7 x 1078

(e.g., displacement to the strong field). Campbell and Johnson
(48) observed a similar effect after addition of CI™ ions to
samples containing the imidazolium cation, and the opposite
effect after decreasing the pH of the medium. Dinares and
coworkers (49) observed the same effect after addition of
oxyanions (increasing the basicity of the medium), in agree-
ment with the results obtained in this work.

Electrochemical Measurements. The Nyquist dia-
grams of the electrolytes containing 40 and 70 wt % of MPII
are presented in Figure 4. The response at high frequencies
(1 x 10°to 1 x 10' Hz) can be attributed to the Pt| electrolyte
interface, while the response at low frequencies can be
associated with the diffusion processes in the electrolyte
(50). An equivalent circuit (also shown in Figure 4) repre-
sented by Rs[C(RcrO)], was used to fit the EIS data. In this
circuit, Rs and Rcr describe the resistance; O is intrisically
related to the parameters Y, and B, obtained from the fit,
and accounts for a finite-length Warburg diffusion (Zpy), and
Cis the constant phase element, CPE. This circuit has been
successfully employed to fit the data for polymer electrolytes
(5, 50), liquid electrolytes (51) and ionic liquid-based elec-
trolytes (52).

As shown in previous works (50, 53), the apparent
diffusion coefficient of the ionic species can be roughly
estimated as described in eq 1:

D== (1)

where the diffusion length, d, can be considered as the
distance between the two electrodes.
This relation is obtained by eq 2

Zpie = RDif{[tanhgwr)l/Z]/gwr)llz} 2

where the impedance of the Warburg diffusion in a finite-
length region of length d (the thickness between the elec-
trodes) can be expressed in terms of Rpj, related as Rpir =
BlY,, and t, described as T = B?> = d?/D (54).

All the parameters estimated from the Nyquist plots using
this equivalent circuit are described in Table 1. To reach
equilibrium during charge transport across the cell, it is
necessary to have the same D for the cation and the anion,
and this was assumed in this work. Also, it has been
proposed that at high concentration of 17, the diffusion
impedance is limited by the I5 diffusion (51); therefore, the
D values estimated here are attributed to the apparent
diffusion of triiodide (Dy;).

The results obtained from the EIS investigation revealed
a significant decrease in the overall impedance after increas-
ing the amount of MPII. The estimated D values increased
from 8.7 x 10780 1.9 x 1077 cm? s™! when the amount of
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MPII was increased from 40 to 70 wt %, respectively. The
higher content of P(EO-PO) (and consequently, the lower
concentration of ionic species) in the electrolyte containing
40 wt % MPII contributed to the decrease in D;; values.
Nazmutdinova and coworkers (52) used the same procedure
to estimate the diffusion coefficient in electrolytes based on
a mixture of MPII and another ionic liquid and reported
values of the same order of magnitude (1 x 1077 cm?s™!).
For pure MPII, the diffusion coefficient of I5 was estimated
tobe 1.5 x 1077 cm? s7! (52), similar to the value found in
this work for the electrolyte containing 70 wt % MPII. These
values suggest that in the electrolyte with low polymer
content, the diffusion of ionic species has a similar behavior
as the diffusion in the pure ionic liquid. Also, under these
conditions, is expected that all the ionic species are ef-
fectively dissociated in the polymer matrix. It should be
pointed, however, that even the pure ionic liquid presents a
diffusion coefficient smaller than that estimated for Lil/l, in
acetonitrile (~1 x 107° cm? s7!, using the same technique)
(51), which can be attributed to the higher viscosity of MPII
when compared to organic solvents.

Dye-Sensitized Solar Cells. Figure 5 shows the =V
curves obtained for the DSSC assembled with the gel elec-
trolytes containing P(EO-PO) and 40 or 70 wt % of MPIL
These data set forth a clear enhancement in the photocurrent
(Is¢) values when the amount of ionic liquid in the P(EO-PO)
matrix is increased (Is. increases from 8.96 to 12.92 mA
cm™? under irradiation of 100 mW cm™2). This behavior was
expected considering the increase in ionic conductivity and
Dy; values, as discussed before. Moreover, this electrolyte

14

jaEEEEEEg ) [ T
12- S O
N 1 .- TS
| | § 04
g 10- [ ] s 02
70000000000000 B oo oa o e
E 8_ ...‘ ] Potential / V
~ 1 o
- ..
c 61 2
= e
44
=]
®) I..
2+ e
. - °
0 T T T T T T v T g T v T e
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Potential / V

FIGURE 5. I-V curves of DSSC assembled with polymer gel electro-
lytes of P(EO-PO) containing 40 () or 70 (M) wt % MPII, under
irradiation of 100 mW cm™2. The inset shows the curves obtained
under 10 mW cm™2,
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contains more iodide ions, thus the regeneration of the
oxidized dye is expected to be more efficient. The I, values
obtained here are similar to the values reported for electro-
lytes based on ionic gel electrolytes (43, 55).

On the other hand, the high concentration of I~ and other
polyiodides, as Is~, might also increase the dark current
(recombination of the electrons injected in the TiO, with
polyiodide ions in the electrolyte), reducing the V.. values
(Vo decreased from 0.65 to 0.59 V under 100 mW cm™?).
Because I, forms 15~ and other polyiodides, the donation of
electrons to these species is favorable due the lower diffusion
and higher electronic affinity (56). In a previous work, we
reported that the presence of poly(ethylene oxide)-based
copolymers in the electrolyte increases the values of Vi,
because of the basic interaction between the oxygen atoms
present in the polymer chains and the titania film (57). Thus,
the lower V,. values observed for the electrolytes containing
70 wt % MPII might also be due to the lower content of
polymer in this electrolyte, which acts as a barrier inhibiting
this recombination reaction. However, we cannot discard
the possibility that the oxygen atoms from the polymer
chains interact with the imidazolium cation (as discussed
before), competing with the Ti(IV) sites. Singh and coworkers
(27) and Wang and coworkers (26) also reported low values
of Vo for DSSC assembled with electrolytes containing MPII
with PEO or poly(vinylidenefluoride-cohexafluoropropylene)
(PVDF-HFP), respectively.

The DSSC assembled with the electrolyte containing 70
wt % MPII has 3.84 and 3.54 % of efficiency, whereas the
DSSC assembled with the electrolyte containing 40 wt %
MPII presented efficiencies of 3.08 and 2.86% under 100
and 10 mW cm™2, respectively. These results show that the
performance of the DSSC containing ionic liquid is less
dependent upon light intensity, similar to the behavior
observed in DSSC with liquid electrolytes and opposed to
the behavior usually observed for DSSC with polymer elec-
trolytes (5, 7).

Figure 6 shows the =V curves obtained for DSSC as-
sembled with the gel polymer electrolytes containing P(EO-
PO) and 40 or 70 wt % of MPII, after addition of 20 wt %
Lil. Table 2 summarizes the DSSC parameters obtained for
all the electrolytes.

For the DSSC containing 70 wt % MPII, the effect of
addition of Lil did not show improvements in I, in agree-
ment with the lower conductivity in this electrolyte. In this
case, the high concentration of ionic species from the ionic
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FIGURE 6. I-V curves of DSSC assembled with polymer gel electro-
lytes of P(EO-PO) containing 40 (s) or 70 (M) wt % MPII, after addition
of 20 wt % Lil, under irradiation of 100 mW cm 2. The inset shows
the curves obtained under 10 mW cm 2.

liquid is expected to saturate the system; therefore, the Lil
added may increase the formation of transient cross-linking
points, reducing the free ions in the system. The DSSC
assembled with 40 wt % MPII displayed a significant in-
crease in the photocurrent after incorporation of Lil (from
~9 to 11 mA cm™?. This is in agreement with the increase
in the ionic conductivity observed for this electrolyte after
addition of Lil because of the generation of more charge
carriers.

On the other hand, in both cases, V.. is reduced after
addition of Lil due the higher concentration of Is~, increasing
the recombination reaction between injected electrons and
electrolyte. Also, we cannot discard the possibility of the
intercalation of Li* ions into the TiO, structure, shifting down
the Fermi level of this semiconductor (58, 59).

At low intensity, the electrolytes without Lil show solar
cells with features of liquid electrolyte, less limited by mass
transfer (higher efficiency at 100 mW cm™). Nevertheless,
after addition of Lil, the solar cells present higher efficiencies
at 10 mW cm™? than the devices at 100 mW cm™2, compa-
rable to the typical behavior found when polymer electro-
lytes are employed (5, 7, 60). The insertion of Lil in the
system could increase the transient cross-linking points,
decreasing the kinetics of the dye regeneration reaction at
100 mW cm™2. Thus, at low intensity, the mobility of the
polymer chains and the redox species is enough to allow dye

Table 2. Performance of DSSC Employing Electrolytes of P(EO-PO) with 40 and 70 wt % MPII, with and

without Lil, at 100 or 10 mW cm 2

electrolyte samples Voc (V) Isc (MA cm™?) FF 7 (%)

100 mW cm™ without Lil 70 % MPII 0.59 12.92 0.51 3.84
40 % MPII 0.65 8.96 0.53 3.08

10 mW cm™? 70 % MPII 0.48 1.14 0.65 3.54
40 % MPII 0.56 0.82 0.63 2.86

100 mW cm™ with Lil 70 % MPII 0.56 12.22 0.48 3.25
40 % MPII 0.57 11.38 0.49 3.17

10 mW cm™2 70 % MPII 0.46 1.25 0.64 3.66
40 % MPII 0.49 1.05 0.68 3.46
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FIGURE 7. Variation in efficiency as a function of time for the DSSC
assembled with polymer gel electrolyte of P(EO-PO) containing 40
or 70 wt % MPII, before and after addition of 20 wt % Lil. The solar
cells were exposed to 100 mW cm ™2 for 30 min each day.

cation regeneration more efficiently, whereas at full solar
illumination, the electrolyte shows limited photocurrent by
mass transfer (61, 62). The best efficiencies were observed
for the electrolytes containing 70 wt % MPII, with and
without Lil, in agreement with the higher ionic conductivity,
Dy; and concentration of imidazolium cation observed for
these electrolytes.

The whole set of results presented here indicate that the
addition of Lil to the electrolytes can slightly improve the
performance of the DSSC (since the increase was observed
with 40 wt % MPII), but the addition of this material is not
crucial, and the combination of only P(EO-PO) and MPII/I,
as polymer gel electrolytes can lead to devices with promis-
ing efficiency. Figure 7 shows the stability of DSSC for a
period of 30 days. We observed a decay in the performance
after the first 10 days, reaching relative constant efficiencies
after 20 days. For the devices using the electrolytes without
Lil, the solar cells exhibit a better stability. It is interesting
to note that the stability is remarkable for the devices with
electrolytes containing 40 wt % MPII, if we compare to other
solar cells. It seems that more ionic liquid less stable the
device is. In general, the losses observed in all the devices
are in agreement with the reported studies for polymer or
gel electrolytes (13, 63, 64), showing an initial decay fol-
lowed by a plateau of stability.

CONCLUSIONS
Polymer gel electrolytes based on the combination of

poly(ethylene oxide-co-propylene oxide) and 1-propyl-3-
methyl-imidazolium iodide were investigated. The interac-
tions between the oxygen atoms present in the polymer
chains and the imidazolium cation lead to high solubility and
dissociation of the ionic liquid in the polymer medium,
which is evidenced by DSC, FTIR, and 'H NMR analysis.
These high concentrations of free ions are responsible for
the high ionic conductivity, reaching 2.4 x 107> S cm™! for
the system containing 70 wt % MPII. When Lil was added
to this electrolyte, no significant effect was observed in the
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device’s efficiency. Besides, the stability after 30 days is
higher to electrolytes without Lil. The DSSC assembled with
the electrolyte containing P(EO-PO) and 70 wt % ionic liquid
exhibits an overall efficiency of 3.84 % under 100 mW cm™2
and the solid-state nature of this system, even at high MPII
concentration, is an advantage over DSSC assembled with
liquid electrolytes or pure ionic liquid. The devices as-
sembled using the polymer—ionic liquid mixture, where the
concentration of this last component is 40 wt %, are more
stable and this is an important information when consider-
ing the application of ionic liquids and their mixtures as
electrolytes.
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