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ABSTRACT

Novel agarose gel electrolytes are prepared by allylimidazolium iodides-based ionic liquids
and environmentally benign co-solvents (propylene carbonate (PC) and dimethyl sulfoxide
(DMSO)) for dye-sensitized solar cells (DSSCs). Among 1-allyl-3-ethylimidadolium iodide (AEII),
1-allyl-3-propylimidazolium iodide (APII), 1-3-diallylimidazolium iodide (DAII), and 1-methyl-3-
propylimidazolium iodide (MPII) ionic liquids, the agarose gel electrolyte containing AEIl exhibits the
best DSSC performance. The efficiency of the DSSC using the agarose gel electrolyte containing 1.5 M AEII
and 0.65 wt% agarose is 5.89% with the highest I~ diffusion coefficient of 7.7 x 10~6 cm? s~1. The perfor-
mance of the AEIl ionic liquid-based agarose gel electrolyte is comparable to the liquid electrolyte based
on 3-methoxypropionitrile (MPN) (5.84%) under illumination at AM 1.5, 100 mW cm~2. Moreover, the
DSSC performance of the allylimidazolium iodides ionic liquid-based agarose electrolyte is determined
by the interaction between ionic liquid and agarose, which affects the rigidity of the ion channels and
the I3~ diffusion coefficient.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Dye-sensitized solar cells (DSSCs) have attracted great atten-
tion since the major breakthrough in conversion efficiency made
by Grazel and O’Regan [1]. Over the past two decades, DSSCs
have become an attractive candidate for serving as a renewable
energy source due to their low-cost, relatively high conversion effi-
ciency, and higher efficiencies at higher temperatures. The most
efficient DSSC has recently been reported to possess conversion
efficiency greater than 12% [2]. A traditional DSSC is constructed by
an electrode consisting of a porous TiO, layer with dye adsorbed
on the TiO, surface, organic liquid electrolyte solution containing
an I~ /I3~ redox couple, and a platinum-coated counter electrode.
Yet, liquid electrolyte loss caused by leakage and volatilization
has been one of the major problems limiting the long-term use
of DSSC. To overcome this problem, solidifying liquid electrolytes
to form gel or quasi-solid-state electrolytes [3,4] and adding ionic
liquids [5] are the viable solutions to make the sealing pro-
cess easier and to minimize the loss of electrolytes for enhanced
durability.

Ionic liquids have been widely used in lithium batter-
ies [6], fuel cells [7], electric double-layer capacitors [8],
electrochromic devices [9], and DSSC [10], because of their
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non-flammability, negative vapor pressure, non-volatility, and high
conductivity. In particular, alkylimidazolium iodides, 1-methyl-3-
propylimidazolium iodide (MPII), are commonly used as an ionic
liquid in electrolytes [11,12]. In the electrolytes used for DSSC, the
viscosity of the ionic liquid is critical in determining the ion trans-
port and diffusion coefficients [ 13]. So far, most works have focused
on the alkylimidazolium iodides by modifying their substituent
groups to tailor the properties, such as melting point, viscosity,
conductivity, and thermal stability [14]. It has been reported that
the viscosity of the imidazolium based ionic liquids can be reduced
using asymmetric cations [11]. In addition, in certain cases, allyl
groups attached to imidazolium cations have resulted in lower vis-
cosity ionic liquids than 1, 3-dialkylimidazolium halides [15,16].
DSSCs using electrolytes based on supercooled allylimidazolium
iodides, such as 1-allyl-3-methylimidazolium, AEII, and APII, have
been found to provide good performance and stability [17].

Ionic liquids also possess good solubility of polysaccharides and
biomacromolecules such as agarose, which are insoluble in most
conventional organic solvents [18-20]. In our previous study, the
agarose gel electrolytes were composed of MPII and the environ-
mentally benign co-solvents, PC and DMSO, to improve the agarose
solubility and capacities of ionic liquid additives for dye-sensitized
solar cells [21]. In specific, DMSO was labeled as an environmen-
tally friendly solvent, due to its low toxic potential [22]. Thus, in
this study, we are motivated to further improve the solubility of
the agarose gel electrolyte by adding ionic liquids. In addition, we
plan to incorporate allyl group(s) onto the imidazolium cation in
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order to see if the viscosity of the resulting ionic liquids could be
further reduced and to understand its impact on DSSC efficiency.

In this study, AEIl, APIl, and DAIl were synthesized and
introduced into the agarose gel electrolytes, to compare with a
reference electrolyte based on the alkylimidazolium iodide ionic
liquid, MPII. The viscosities and diffusion coefficients of these ionic
liquids and the ionic agarose gels were measured by rheometer
and cyclic voltammetry, respectively. Moreover, the photoelectric
conversion efficiencies and electrochemical properties of the DSSCs
containing allylimidazolium iodides and MPII were characterized.
The interaction between allylimidazolium iodides and agarose, the
effects of the agarose content, and their impact on DSSC efficiency
are examined and discussed.

2. Experimental
2.1. Materials

1-Methylimidazole (97%) and iodine (99.8%) were purchased
from Acros Organics. Agarose type VII, propylene carbonate (99%)
and dimethyl sulfoxide (99.7%) were obtained from Sigma and
guanidinium thiocyanate (99%) (GuSCN), 1-allylimidazole (99%),
iodoethane (98%), 1-iodopropane (98%), allyl iodide (97%) and
N-methylbenzimidazole (99%) (NMBI) were purchased from Alfa
Aesar. N719 (Ruthenium 535-bis TBA) was procured from UniRe-
gion BioTech. The ethyl acetate (99.8%; HPLC grade) was obtained
from ECHO. All organic materials were used as-received without
further purification.

2.2. Synthesis of 1-methyl-3-proplylimidazolium iodide (MPII)

The synthesis procedure for MPII followed previously reported
methodology [21,23]. The synthesis reactions were carried out in
water bath under sonication conditions for 4 h. For our work, an
ultrasonic cleaner (Delta DC200; Delta New Instrument Co. Ltd.,
Taiwan) with 200 W power and 40 kHz frequency was used. The
temperature of the synthesis was not specifically controlled and
may be increased to 40 °Cunder sonication condition. The yield of 1-
methyl-3-proplylimidazolium iodide was 95%. The MPII structure
was validated by 'H NMR spectroscopy and electrospray ionization
mass spectroscopy.

AEIl, APII, and DAIl were synthesized by the same procedure,
while the ethyl acetate solvent was used and mixed with the start-
ing materials in the synthesis of AEIl and DAIIL

2.3. Preparation of agarose gels

The solutions consisting of 1.5 M ionic liquid and agarose at dif-
ferent concentrations (0-1.0 wt%) in PC/DMSO co-solvents (volume
ratio, 8:2) were heated to 150°C until the agarose was com-
pletely dissolved. Additives such as 0.1 M guanidinium thiocyanate
(GuSCN), 0.2 M N-methylbenzimidazole (NMBI), and 0.05 M I, were
then mixed into the hot agarose solutions. Gel electrolytes were
obtained after the solutions were cooled down.

2.4. Rheological measurements

All rheological data were collected using an AR-G2 stress-
controlled rheometer (TA Instruments). The viscosity of the ionic
liquids and agarose gels were measured in a temperature range
from 25 to 150°C (ramp rate: 5°C/min.) and at an angular veloc-
ity of 0.1 rad/s. Agarose gels were compressed between two heated
parallel plates with a gap of 0.5 mm.

2.5. Measurement of the electrochemical properties of electrolytes

The sandwich-type cell was fabricated by two platinum-coated
ITO (indium-doped tin oxide) glasses as the electrodes with a
gap of about 60 wm. The gap was sealed by the adhesive on the
edge. Steady-state current-voltage curve was measured by using
Solartron SI1287. The limited current was determined in the volt-
age range between —0.8V and 0.8V at a scan rate of 5mVs~1. The
diffusion coefficient of triiodide (Dy,- ) was calculated by Eq. (1):

_ limd
I3~ 2nFC

(1)

where Ij;;;, is the limiting current density, d is the cell gap, n is the
number of electrons, F is the Faraday constant, and C is the initial
I, concentration.

2.6. Fabrication of a dye-sensitized solar cell

A double-layer TiO, was coated on fluorine-doped SnO, (FTO)
conducting glass electrode by screen-printing. A 13 pwm-thick TiO,
film consisting of anatase TiO, (particle size: 20 nm) acted as the
photoelectrode, while a 4 pm-thick TiO; film of 400 nm anatase
TiO, served as the light-scatting layer. The details of the prepara-
tion of TiO, paste for screen-printing have been reported elsewhere
[24]. Finally, the FTO/TiO, photo-anode was annealed at 500°C
for 15min and then sensitized in an N719 dye/ethanol solution
(5x 104 M) at room temperature for 24h. DSSC was fabricated
by sealing the dye-sensitized TiO, photo-anode and Pt-sputtered
cathode around 100 °C with a 25 pm hot melt sealing foil (SX1170-
60, Solaronix). A DSSC cell (active area 0.283 cm?) was completed
upon the injection of the electrolyte into the cell.

2.7. Photoelectrochemical measurement

An AM1.5 Solar Simulator (Newport 3A) was used as the light
source with the incident light at set at 1 Sun (100 mW cm~2) as
calibrated by a standard Si solar cell (ORIEL) to evaluate the photo-
current conversion efficiency. The conversion efficiency of DSSC
based on photocurrent vs. voltage (I-V) curve was recorded with a
Keithley 2400 source meter. All measurements in this study were
carried out at room temperature, 25 °C.

3. Results and discussion

The chemical structures of AEII, APII, DAIl and MPII as illustrated
in Scheme 1.
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Scheme 1. Molecular structures of MPII and allylimidazolium iodides (AEIl, APII,
and DAII).
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Fig. 1. (a) Dynamic viscosity as function of temperature for MPII, AEII, APII, and DAII
ionic liquids and (b) dynamic viscosity as function of temperature for the agarose
gels with MPII, AEII, APII, and DAII ionic liquids.

3.1. The viscosities of the ionic liquids and ionic agarose gels

The viscosity of the ionic liquid is an important mass trans-
port property in an electrolyte. The temperature dependency of
the dynamic viscosity of AEII, APII, DAII, and MPII ionic liquids
were first measured and shown in Fig. 1(a). The viscosity at the
same temperature (T<70°C) decreased in the following order:
MPII > APII > DAIIl ~ AEII. Moreover, the temperature dependency of
AEIl's dynamic viscosity was about the same as that of DAIL The
viscosities of the three allylimidazolium iodides in this study were
all lower than MPII, the conventional ionic liquid. Their viscosities
were reduced dramatically because the allyl groups inhibited crys-
tallization [17]. In addition, a decrease in alkyl chain length on the
imidazolium cation was found to reduce the ionic liquid viscosity,
as evidenced by the finding that the viscosity of AEII is lower than
APIL

Next, the temperature-dependent dynamic viscosities of the
agarose gels consisting of the ionic liquids and 0.5 wt% agarose in
PC/DMSO co-solvents, are shown in Fig. 1(b). The agarose gel with
AEIl exhibited the highest viscosity, while the gel with DAIl showed
the lowest viscosity. Although AEIl and DAII both exhibited low vis-
cosity among the ionic liquids in Fig. 1(a), the notable difference in
agarose gels viscosity indicated that the interaction between the
ionic liquids and agarose plays a critical role in determining the
viscosity of agarose gel. Different from most conventional organic
solvents, ionic liquids can dissolve agarose by disrupting the hydro-
gen bonding within [25] to form hydrogen-bondings between the
hydroxyl groups of agarose and the ionic liquids. In addition, both
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Fig. 2. Steady-state current-voltage curves of the gel electrolytes containing differ-
ent ionic liquids.

the cation and anion of the ionic liquid can affect the solubility of
agarose [18].

We then look into the gelation mechanism of agarose in the
co-solvents system. Double helices are formed from random coils
in the solution through an intermediate state with mixed sin-
gle and double helices upon cooling [26]. More specifically, phase
separation occurs when the solvent-rich region and the polymer-
rich region, i.e. agarose gel appear after hot agarose solution is
cooled down in the co-solvents system [21]. Similarly, the gela-
tion of agarose solution involves conversion from disordered coils
to ordered helix conformation, leading to different ion channels
in the agarose gels for transporting the redox couples, depend-
ing on the interaction between the ionic liquid and the agarose.
For APII and DAII, their larger imidazolium cations may inhibit the
formation of helix and double helices [25]. In addition, the inter-
action between diallyl groups on the imidazolium ion of DAII and
hydroxyl groups on agarose may further hinder the formation of
helix and double helices. Both factors of DAII give rise to the weak-
est agarose gel as shown. In this case, large void space was created
by fiber-like agarose consisting of more disordered agarose chains
and less helices in the DAII system. In contrast, AEIl has a smaller
imidazolium cation and relatively weaker interaction with agarose
due to its single allyl group and an alkyl side group. As a result,
more ordered helix conformation was formed, leading to a stronger
agarose based on AEIl ionic liquid.

3.2. The performance of DSSCs with different allylimidazolium
iodides

The diffusion-limited currents of the agarose electrolytes with
various ionic liquids are shown in Fig. 2. The I3~ diffusion
coefficients are obtained from Eq. (1). The diffusion limited cur-
rent and diffusion coefficient for the agarose electrolyte based on
AEIl was the highest among MPII, AEIl, APIl and DAIIL The dif-
fusion coefficients of agarose gel electrolytes for MPII, AEII, APII,
and DAII ionic liquids were 1.6 x 1076, 5.6 x 1076, 2.3 x 106, and
1.8 x 1076 cm? s~1, respectively.

The effect of various ionic liquids (MPII, AEII, APII, and DAII)
in the agarose gel electrolyte on the performance of DSSCs was
further examined by the current density vs. voltage. The diffusion
coefficients of the electrolytes, open circuit voltage (Voc), short-
circuit current density (Js¢), fill factor, and efficiencies of the DSSCs
containing allylimidazolium iodides-based agarose gel electrolytes
are summarized in Table 1, in which the DSSC cell containing the
MPII-based agarose gel electrolyte was used as a reference. When
0.5 wt% agarose was dissolved in the mixtures of PC/DMSO, MPII
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Table 1
Photovoltaic performances of DSSC based on gel electrolytes containing 0.5 wt%
agarose and different ionic liquids and the diffusion coefficient of the electrolytes.

Ionic liquid MPII? MPII AEIl APII DAII
D,- (x10¢cm?s1) 1.6 2.8 5.8 23 1.8
Voc (V) 0.63 0.70 0.72 0.70 0.70
Jse (MAcm—2) 12.21 11.73 11.71 11.53 11.84
FF 0.61 0.64 0.65 0.62 0.60
n (%) 4.72 5.25 5.45 4.97 4.96

2 The liquid phase electrolyte without agarose.

and the additives, the efficiency was enhanced 11% from 4.72% to
5.25%. The Vo was improved from 0.63V to 0.70V with the addi-
tion of agarose. Among four ionic liquids, the best efficiency was
achieved by using the AEII agarose gel electrolyte. The AEII sys-
tem delivered the highest Vi (0.72 V) and FF (0.65), and relatively
high Jsc (11.71 mA cm~2), which was comparable to those of MPII,
APII and DAII (11.73, 11.53, and 11.84 mAcm~2). Because of the
more ordered helix and double-helices conformation and relatively
weaker interaction between AEIl and agarose, the I3~ diffusion
coefficient was enhanced through the rigid and stable ion channels
and the concentration of I3~ around TiO, was reduced. Moreover,
the dark reaction occurring from the electrons at TiO, and I3~ was
reduced, resulting in an increased V..

In contrast, the DSSC using the DAII agarose gel electrolyte
showed the lowest open-circuit photovoltage (Vo), fill factor
(FF), and photoelectric conversion efficiency among the allylim-
idazolium iodides, ie. 0.70V, 0.65, and 4.96%, respectively.
These correlated well with the lowest I3~ diffusion coefficient
(1.8 x 10~ cm?2 s~1) in the DAII agarose gel electrolyte due to less
ordered helix conformation, large void space in the agarose gel,
and stronger interaction between the two allyl groups on the
imidazolium cation and the agarose [27]. The lowest I3~ diffu-
sion coefficient of the DAIl-based agarose electrolyte resulted in
higher recombination, leading to the lowest efficiency and FF value.
Regarding the high-viscosity APII ionic liquid, the DSSC using APII-
based agarose gel electrolyte showed similar efficiency to that
using DAII because of its comparably low agarose viscosity (Fig. 1b)
resulting from a longer alkyl chain on imidazolium cation.

3.3. The effect of agarose concentration in the AEIl system

The agarose gel electrolyte containing AEIIl (0.5 wt% agarose),
demonstrated the best performance, indicating that both the
viscosity of the ionic liquid and the interaction between ionic
liquid and agarose are critical factors. Thus, we further examine
the effect of agarose concentration on the DSSC cell perfor-
mance using the AEIll-based agarose gel electrolyte. Fig. 3 shows
the I3~ diffusion-limited currents of the agarose electrolytes
with AEII ionic liquid containing various agarose concentrations,
as measured by cyclic voltammetry using a symmetric thin
layer electrochemical cell. The diffusion-limited current increased
with increasing agarose content from Owt% to 0.65wt%, and
then decreased to a concentration >0.65wt%. The I3~ diffusion
coefficients were 2.3x 1076, 58x10°6, 7.7x10°6, 6.2x 1075,
and 1.9 x 10~ cm?2s-! for 0 (liquid-phase electrolyte), 0.5, 0.65,
0.85, and 1.0 wt% agarose, respectively. The highest I3~ diffusion
coefficient (7.7 x10~6cm?2s-1) was found at the concentra-
tion of 0.65wt%, while the lowest I3~ diffusion coefficient
(1.9 x 108 cm? s~1) was for the electrolyte with 1.0 wt% agarose.

Agarose is readily dissolved in AEII ionic liquid and is an
environmentally benign PC/DMSO co-solvent for forming three-
dimensional ion channels. With increasing agarose content up
to 0.65wt%, the rigidity and stability of ion channels in AEII
and PC/DMSO-based agarose system were improved, resulting
in a higher I3~ diffusion coefficient. Above the optimal agarose
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Fig. 3. Steady-state current-voltage curves of the gel electrolytes containing differ-
ent concentrations of agarose.

concentration, the void space of the ion channels is reduced, leading
to a lower I3~ diffusion coefficient [28].

Under a 100mW cm~2 light source, the I-V curves and dark
I-V curves of the DSSCs containing AEII ionic liquid are illustrated
in Fig. 4(a) and (b), respectively. The diffusion coefficients of the
electrolytes, Vo, Jsc, fill factor, and the efficiencies of the DSSCs
containing AEIl-based agarose gel electrolytes at various agarose
concentrations are summarized in Table 2. The electrolyte with-
out agarose gel (0wt%) exhibited the highest Jsc, but the lowest
Vo, FF, and efficiency. The efficiency increased as we increased the
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Fig. 4. (a) Light and (b) dark J-V curves of DSSCs using AEIl-based agarose gel elec-
trolytes with various concentrations of agarose.
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Table 2
Photovoltaic performances of DSSC based on gel electrolytes with various concen-
trations and the diffusion coefficient of the electrolytes.

Agarose content owt% 0.5wt% 0.65wt% 0.8 wt% 1.0wt%
D,- (x10°5cm?s1) 2.3 5.8 7.7 6.2 1.9
Voc (V) 0.66 0.72 0.76 0.75 0.70
Jse (MAcm~—2) 12.62 11.71 11.45 11.82 11.96
FF 0.60 0.65 0.68 0.64 0.63

n (%) 4.97 5.45 5.89 5.68 5.31

amount of agarose up to 0.65 wt%, and then dropped as the amount
of agarose was raised to 0.8 wt% and 1.0 wt%. The enhancement of
efficiency relative to a no agarose case (0 wt%) is 9.7%, 18.5%, 14.2%,
and 6.8% for agarose concentrations at 0.5, 0.65, 0.8 and 1 wt¥%,
respectively. An increase of agarose concentration (up to 0.65 wt%)
was accompanied by increasing V. and FF. The increased V,c may
result from the suppressed reduction in the back electrons trans-
fer from the conducting band of TiO, to the I3~ in the electrolyte
[29].

As summarized in Table 2, AEIl-based agarose gel electrolytes
yielded the highest triiodide diffusion coefficients at the optimal
concentration of agarose (0.65 wt%). This lowered the concentra-
tion of I3~ around the dyed TiO, and reduced the recombination
of oxidative dye and I3~. The injection of electrons from TiO, was
accelerated and the electron concentration on TiO, was increased.
Moreover, steric hindrance effect occurred as agarose adsorbed on
TiO,, which reduced the reaction between oxidative dye and I3~.
The reduced recombination led to an increase in V. and FF. Over-
all, the best performance of the agarose gel electrolyte was 5.89%
for 0.65 wt% agarose, which correlated with the highest triiodide
diffusion coefficient (7.7 x 10~6 cm2 s~1). In comparison, the con-
version efficiency was 5.84% for the DSSC cell using an MPN-based
liquid electrolyte containing 0.5M Lil, 0.2 M NMBI, 0.1 M GuSCN
and 0.05M I, in MPN. Thus, the AEIl ionic liquid-based agarose gel
electrolyte demonstrated comparable DSSC performance to the one
using MPN-based liquid electrolyte.

4. Conclusions

Low-viscosity ionic liquids, allylimidazolium iodides, were
introduced to environmentally benign co-solvents (PC/DMSO)
based agarose gel electrolytes for the fabrication of DSSCs. Among
MPII, AEIl, APII and DAII, the agarose gel electrolyte containing
AEII exhibited the best DSSC performance. To be more specific, the
efficiency of the DSSC using the agarose gel electrolyte containing
1.5 M AEIl, 0.65 wt% agarose, 0.1 M GuSCN, 0.2 M NMBI, and 0.05 M
I, was 5.89% with an I;~ diffusion coefficient of 7.7 x 10~6 cm2 s~1.
Even though the environmentally benign solvent and the natural
product, agarose, were adapted in the electrolytes, the conversion
efficiency (7 =5.89%) of the DSSC containing the agarose gel elec-
trolyte based PC/DMSO and AEIl was comparable with the liquid
electrolyte based on MPN (1 =5.84%).

In summary, the DSSC performance of the allylimidazolium
iodides ionic liquid-based agarose electrolyte was determined by
the interaction between ionic liquid and agarose, which affects
the rigidity of ion channels and the I3~ diffusion coefficient. Even
though AEII and DAII exhibited similar viscosity, their DSSC per-
formance was quite different (5.45% vs. 4.96%). AEIl had a smaller
imidazolium cation and relatively weaker interaction with agarose
due to its single allyl group and an alkyl side group. AEIIl possessed
low-viscosity ionic liquid and high solubility agarose to form a low-
viscosity agarose gel electrolyte. More ordered agarose helix and
double helices were formed with rigid and stable ion channels in
the agarose gel electrolyte, leading to the release of more ionic

liquid into the solvent with high diffusivity in the electrolyte and
enhanced DSSC performance.
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