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a b s t r a c t

New dicationic bis-imidazolium salts based ionic liquids were synthesized to develop new electrolytes
to improve photovoltaic properties of dye sensitized solar cells. Various properties of electrolytes such as
viscosities, ion diffusion coefficients, charge transfer resistances and photovoltaic properties were studied.
Electrochemical impedance spectroscopy has been performed to investigate diffusion coefficients and
vailable online 13 May 2009

eywords:
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lectrolyte

charge transfer resistances. Influence of polarity and chain length on the photovoltaic performance, was
investigated. A DSSC employing the K34 (butyl-1,4-bis(3-methyl imidazolium iodide) gives an open-
circuit voltage of 0.64 V, a short-circuit current of 17.11 mA/cm2 and conversion efficiency of 5.60% under
light intensity of 100 mW/cm2 while the DSSC based on 1-butyl-3-methyl imidazolium iodide which is a
reference ionic liquid exhibited 5.64% efficiency due to the lowest viscosity, highest diffusion coefficient.
onic liquid

midazolium
thyleneoxide

. Introduction

The fast decreases of world oil reserves while increasing energy
onsumption and at the other side dangerous increase of envi-
onmental pollution are forcing us to focus on development of
enewable energy resources. The solar energy is the major renew-
ble energy source which has a great potential to compensate the
nergy demand of whole world. In order to convert the solar energy
o electricity, in general the high cost silicon based solar cells are
sed. Dye sensitized solar cells (DSSCs) have regarded as a low-
ost next generation solar cells and significant progress have been
ade on their performance and stability during the past decade

1]. The working principle of these devices based on ultrafast elec-
ron injection from a photo-excited sensitizer into the conduction
and of mesoporous oxide semiconductor and subsequent regen-
ration of sensitizer. The highest energy conversion efficiency of �:
1% has been achieved with ruthenium bipyridyl dyes and organic
olvent based iodide/triiodide couple electrolyte under simulated
olar light [2]. For the long term stability, organic solvent based

lectrolyte generates difficulties such as leakage and evaporation.

Ionic liquids (ILs) are the promising alternatives for electrolyte
hich are liquid at room temperature, non-volatile, non-toxic and
on-flammable [3]. Different studies by the different research
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groups were done for the replacement of organic solvent based
electrolyte with p-type semiconductor [4–6], solid hole trans-
port material [7–9], gel electrolyte [10–12] to overcome leakage
and evaporation problem. There is no satisfactory report on over-
all energy conversion efficiency and long term stability among
alternatives, to replace the ionic liquids. Gratzel et al. reported a
� > 7% efficiency under AM1.5 simulated solar light with binary
pure ionic liquid based electrolyte [13]. Ionic liquids mainly based
on 1,3-dialkilimidazolium salts, have been studied as components
in electrolyte for DSSCs. Relatively high viscosity of these type
ILs appear to limit their applications because of charge trans-
port limitations in the electrolyte due to poor TiO2 pore filling
and low diffusion coefficient. In order to improve charge trans-
port properties, dicationic bis-imidazolium based ILs with alkyl
and polyether chains have been successfully investigated. Polyether
groups improve the self organization of molecules in electrolyte
which increase the charge transfer and the wetting capacity of the
TiO2 surface [14]. Overall light-to-electric conversion efficiencies of
5.6% have been achieved by dicationic bis-imidazolium iodide ILs
under simulated sunlight.

2. Experimental

2.1. Synthesis of ionic liquids
Proton and 13C NMR spectra were measured on a Bruker
400 MHz spectrometer. The reported chemical shifts are against
TMS. Microanalysis (C, H and N) were carried out with CHNS-932
(LECO) elemental analyzer.

http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:ceylan.zafer@ege.edu.tr
mailto:siddik.icli@ege.edu.tr
dx.doi.org/10.1016/j.electacta.2009.05.016
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All organic solvents used were of puriss quality from Fluka and
.T. Baker. NaI, 1,2-bis-(2-iodoethoxy)ethane, 1-methylimidazole
ere purchased from Aldrich. 1,8-diiodooctane, 1,4-diiodobutane,
-iodobutane and n-butylbromide were purchased from Fluka.
,11-dichloro-3,6,9-trioxoundecane was synthesized using litera-
ure procedure [15,16].

.1.1. Synthesis of 1,11-diiodo-3,6,9-trioxoundecane
1,11-Dichloro-3,6,9-trioxoundecane (7.5223 g, 32.55 mmol) and

odium iodide (10 g, 66.71 mmol) in acetonitrile (150 mL) were
eated and reflux while stirring magnetically during 5 days. The
eaction mixture was allowed to cool and was filtered, and the
ltrate was evaporated under reduced pressure. The residue was
issolved in CH2Cl2, dried over MgSO4 and evaporated under
educed pressure. The residual CH2Cl2 was removed by high
acuum evaporation at ambient temperature and the resulting
,11-diiodo-3,6,9-trioxoundecane was used without further purifi-
ation. 13.2 g, 98% yield. Anal. Calc. For C8H16I2O3: C, 23.21; H,
.90. Found: C, 23.13; H, 3.44. 1H NMR (CDCl3) ı ppm: 3.73 (t,
= 7.02 Hz, 4H, ICH2CH2O–), 3.63 (s, 8H, –OCH2CH2OCH2CH2O–),
.23 (t, J = 7.02 Hz, 4H, ICH2CH2O–). 13C NMR ı ppm: 70.1
–OCH2CH2OCH2CH2O–), 70.0 (–OCH2CH2OCH2CH2O–), 68.87
ICH2CH2O–), 2.71 (ICH2CH2O–).

.1.2. Synthesis of
etraethyleneglycol-bis(3-methylimidazolium)diiodide [TEGDI]

A mixture of 5 g (12.1 mmol) of 1,11-diiodo-3,6,9-
rioxoundecane, 10 mL of toluene, and 1.92 mL (24.2 mmol) of
-methylimidazole was heated to 110 ◦C (reflux) for 12 h. After
ooling to room temperature the yellow colored lower phase,
hich contains the product, was separated from the upper phase,

nd washed a few more time with 5 mL toluene. After the washing
tep the raw product was dissolved in CH2Cl2 and filtered. Follow-
ng, the filtrate was evaporated to dryness in a rotary evaporator
nd a yellowish viscous liquid was obtained at a yield of 95.8%
6.7 g). Anal. Calc. For C16H28I2N4O3: C, 33.23; H, 4.88; N, 9.69.
ound: C, 33.11; H, 4.19; N, 9.58%. 1H NMR (CH3OD) ı ppm: 8.99
s, 2H, NCHN), 7.68 (t, J = 1.6 Hz, 2H, NCHCHN), 7.60 (t, J = 1.6 Hz,
H, NCHCHN), 4.44 (t, J = 4.68 Hz, 4H, NCH2CH2O–), 3.97 (s, 6H,
NCH3), 3.92 (t, J = 4.68 Hz, 4H, NCH2CH2O–), 3.66 (t, J = 4.68 Hz, 8H,
OCH2CH2O–). 13C NMR ı ppm: (CH3OD) ı ppm: 137.16 (NCHN),
23.60 (NCHCHN), 123.12 (NCHCHN), 70.63 (–OCH2CH2O–), 70.29
–OCH2CH2O–), 68.77 (NCH2CH2O–), 49.80 (NCH2CH2O–), 35.87
NCH3).

.1.3. Synthesis of
riethyleneglycol-bis(3-methylimidazolium)diiodide [K36]

The same procedure was used, with 4.06 g (10.96 mmol) of
,2-bis-(2-iodoethoxy)ethane, and 1.75 mL (21.93 mmol) of 1-
ethylimidazole in 10 mL of toluene. 5.67 g, 97% yield. Anal. Calc.

or C14H24I2N4O2: C, 31.48; H, 4.53; N, 10.49. Found: C, 31.30; H,
.22; N, 10.13%. 1H NMR (CH3OD) ı ppm: 9.02 (s, 2H, NCHN), 7.67
t, J = 1.6 Hz, 2H, NCHCHN), 7.61 (t, J = 1.6 Hz, 2H, NCHCHN), 4.44 (t,
= 4.8 Hz, 4H, NCH2CH2O–), 3.98 (s, 6H, –NCH3), 3.88 (t, J = 4.8 Hz,
H, –OCH2CH2O–). 13C NMR ı ppm: (CH3OD) ı ppm: 137.16 (NCHN),
23.60 (NCHCHN), 123.12 (NCHCHN), 70.29 (–OCH2CH2O–), 68.77
NCH2CH2O–), 49.80 (NCH2CH2O–), 35.87 (NCH3).

.1.4. Synthesis of octyl-bis(3-methylimidazolium)diiodide [K35]
The same procedure was used, with 5.52 g (15.1 mmol) of 1,8-

iiodooctane, and 2.42 mL (30.2 mmol) of 1-methylimidazole in

0 mL of toluene. 7.89 g, 98.5% yield. Anal. Calc. For C16H28I2N4:
, 36.24; H, 5.32; N, 10.57. Found: C, 36.12; H, 5.20; N, 10.32%. 1H
MR (CH3OD) ı ppm: 9.06 (s, 2H, NCHN), 7.69 (t, J = 1.6 Hz, 2H,
CHCHN), 7.59 (t, J = 1.6 Hz, 2H, NCHCHN), 4.26 (t, J = 7.2 Hz, 4H,
CH2CH2), 3.97 (s, 6H, –NCH3), 1.92 (q, J = 7.2 Hz, 4H, NCH2CH2),
cta 54 (2009) 5709–5714

1.36 (s, 8H, –CH2CH2CH2CH2–). 13C NMR ı ppm: (CH3OD) ı
ppm: 136.72 (NCHN), 123.80 (NCHCHN), 122.61 (NCHCHN), 49.75
(NCH2CH2), 35.76 (–NCH3), 29.88 (–CH2CH2–), 28.53 (NCH2CH2–),
25.87 (NCH2CH2CH2).

2.1.5. Synthesis of butyl-bis(3-methylimidazolium)diiodide [K34]
The same procedure was used, with 11.75 g (37.9 mmol) of 1,4-

diiodobutane, and 6.05 mL (75.8 mmol) of 1-methylimidazole in
10 mL of toluene. 17.6 g, 98% yield. Anal. Calc. For C12H20I2N4: C,
30.40; H, 4.25; N, 11.82. Found: C, 30.28; H, 4.13; N, 11.52%. 1H NMR
(CH3OD) ı ppm: 9.07 (s, 2H, NCHN), 7.01 (t, J = 1.6 Hz, 2H, NCHCHN),
7.58 (t, J = 2 Hz, 2H, NCHCHN), 4.34 (t, J = 2.8 Hz, 4H, NCH2CH2),
3.96 (s, 6H, –NCH3), 2.01 (q, J = 2 Hz, 4H, –CH2CH2–). 13C NMR ı
ppm: (CH3OD) ı ppm: 136.91 (NCHN), 123.90 (NCHCHN), 122.63
(NCHCHN), 48.96 (NCH2CH2), 35.88 (–NCH3), 26.79 (–CH2CH2–).

2.1.6. Synthesis of 1-methyl-3-butyl-imidazoliumiodide [BMII]
The same procedure was used, with 5 g (27.2 mmol) of 1-

iodobutane, and 4.34 mL (54.4 mmol) of 1-methylimidazole in
10 mL of toluene. 4.63 g, 97.4% yield. Anal. Calc. For C8H15ClN2: C,
55.01; H, 8.66; N, 16.04. Found: C, 54.95; H, 8.55; N, 15.93%. 1H NMR
(CDCl3) ı ppm: 10.25 (s, 1H, NCHN), 7.26 (d, J = 1.4 Hz, 1H, NCHCHN),
7.21 (d, J = 1.8 Hz, 1H, NCHCHN), 4.27 (t, J = 7.4 Hz, 2H, NCH2CH2–),
4.07 (s, 3H, –NCH3), 1.87 (m, 2H, J = 5.2 Hz, NCH2CH2CH2CH3), 1.37
(q, 2H, J = 7.5 Hz, NCH2CH2CH2CH3), 0.93 (t, 3H, J = 7.5 Hz, –CH2CH3).

2.2. Preparation of electrolytes

1-Butyl-3-methy-imidazolium iodide (BMII) was synthesized to
prepare the reference IL electrolyte. The reference electrolyte con-
sists of 0.6 M 1-butyl-3-methy-imidazolium iodide (BMII), 0.1 M
lithium iodide (LiI), 0.05 M iodine (I2) and 0,5 M tert-butyl pyri-
dine (TBP) dissolved in 3-methoxy propyonitrile (MPN). In order
to investigate the effect of polarity and length of the chains or the
size of the cation on photovoltaic performance four different ana-
logue electrolyte prepared by using K34, K35, K36 and TEGDII with
same composition of reference electrolyte instead of BMII.

2.3. Synthesis of TiO2 nanoparticles and electrode preparation

TiO2 nanoparticles were synthesized by sol-gel method and
growth to the 20–25 nm by Ostwald ripening in autoclave. The
preparation of TiO2 electrodes was done by modification of pro-
cedure previously reported by Graetzel and coworkers [17]. 58.6 g
titanium tetra isopropoxide Ti(OPri)4 was injected into 12 g glacial
acetic acid. The solution was added dropwise in to the 290 ml cooled
deionized water under vigorous stirring. 5.4 ml nitric acid (65%
HNO3) was added to the colloidal suspension to adjust the pH 1–2.
The sol was peptized at 78 ◦C for 75 min in the oven. The resulted
transparent colloidal sol volume was completed to the 370 ml by
adding water and transferred to the Teflon baker equipped auto-
clave. The autoclave was placed in the oven at 235 ◦C for 12 h for
hydrothermal growth of the particles. 2.4 ml nitric acid (65% HNO3)
was added to autoclaved suspension and than concentrated to 16.5%
(w/w) TiO2. Remaining all water was exchanged with ethanol by
centrifuging and 40% (w/w) TiO2 paste was obtained. 4.5% ethyl cel-
lulose in ethanol and 79 g anhydrous �-terpineol were added and
paste was sonicated by ultrasonic horn at 200 W power for 10 min.
Obtained homogeneous paste was placed to the rotary evaporator
to remove all ethanol.

The TiO2 paste was coated on transparent conductive oxide

coated glass electrodes (SnO2:F, TEC15, Rsheet: 15 �/�) by doctor
blade technique. Before coating of TiO2 paste on FTO coated glass
electrodes, electrodes was treated with 50 mM TiCl4 for 30 min at
70 ◦C. The aim of this pre-treatment is to get better contact between
FTO coated glass and TiO2 nanoparticles. TiO2 coated electrodes
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rst dried at room temperature and then sintered at 450 ◦C for 1 h
ith 10 ◦C/min heating rate. After sintering, again TiCl4 solution
as applied on the TiO2 film by Pasteur pipette and leaved under
ater vapor for 30 min at room temperature. The aim of this post-

reatment is to improve the electrical contact between the TiO2
anoparticles. Finally TiO2 electrodes sintered again at 500 ◦C for
0 min with 10 ◦C/min heating rate. The thickness of the electrodes
as measured as 10 �m and the particle size was determined as
5 nm by AFM.

.4. Sensitization with dye and DSSC assembly

Sintered electrodes were allowed cool down slowly. While elec-
rode temperature is around 100 ◦C, TiO2 electrodes were immersed
n dye solution containing 0.3 mM Z-907 dye in acetonitrile: tert-
utanol (1:1) for 3 h. Sensitized TiO2 electrodes were rinsed with
cetonitrile and kept in desiccators. Counter electrode was prepared
y thermal reduction of hexachloroplatinic acid to the platinum. 1%
v/v) solution in 2-propanol was used for platinization of FTO coated
lectrode. Drop casted electrodes annealed at 400 ◦C for 20 min.

The DSSCs were prepared by placing the electrodes in sand-
ich geometry top of each other and in the middle 50 �m thick

hermoplastic polymer frame Surlyn® 1702 (DuPont). The elec-
rodes were sealed by heating around 100 ◦C and pressing slightly.
repared electrodes were filled into cell via pre-drilled small
ole by vacuum. Finally the small hole was sealed with peace of
urlyn and cover glass. Spare parts of electrodes were soldered by
ltrasonic soldering machine MBR US-9200 to take a better elec-
rical contact. The active areas of the prepared solar cells were
.0 cm2.

The photovoltaic characterizations of the DSSCs were done
nder the dark and standard conditions by illumination of AM1.5
lobal radiation with 100 mW/cm2 light intensity.

.5. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectra of DSSCs were measured in
he dark at −0.65 V forward bias to determine diffusion coefficients
De) of triiodide (I3−) and charge transfer resistances (RCT) using
Zahner IM6 Impedance Analyzer. The spectra were scanned at

oom temperature in a frequency range of 0.01 Hz to 100 kHz with
he alternated voltage amplitude set at 10 mV.

.6. Viscosity measurements

Dynamic viscosity measurements were performed on pro-
rammable cone/plate Brookfield HBDV-II+ dynamic viscometer
ith Z4 DIN spindle at 0.51 s−1 shear rate in temperature controlled
ater bath.

. Result and discussions

.1. Viscosity properties of ionic liquids

Viscosity measurement is imported issue to estimate the ionic
onductivity of electrolyte due to ionic transport. Usually viscosities
t room temperature are enough but for solar cell application espe-
ially for outdoor use, viscosities at higher temperatures become
mportant. Fig. 1, shows the dynamic viscosity change versus
ncreasing temperature. K35 is not given in the graph because it

s solid up to 50 ◦C. Viscosities of standard electrolyte BMII and K34
re close to each other in the 25–50 ◦C range starting from 402 and
75 cP respectively although bigger anion size of K34. At higher
emperatures viscosity difference of BMII and K34 becomes less
nd at 50 ◦C becomes nearly equal, 61 and 72 cP respectively.
Fig. 1. Dynamic viscosities measured at different temperatures.

Viscosities of K36 and TEGDII at room temperatures are 1125
and 1072 cP respectively. At 50 ◦C viscosities were reduced to 650
and 491 cP for K36 and TEGDII respectively.

3.2. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) was applied in
order to investigate DSSCs. EIS has proven to be useful technique
for the characterization of electronic and ionic transport processes
in DSSCs [18–20].

A typical EIS spectrum of DSSC exhibits three characteristic fre-
quency peaks in a Bode plot and three semicircles in a Nyquist
plot as shown in Fig. 2. The lower frequency peak (right semicir-
cle) corresponds to the Nernstian diffusion within the electrolyte;
the middle frequency peak (semicircle in the middle) corresponds
to the electron recombination at the TiO2/electrolyte interface
and together with electron transport in TiO2 network and the
high frequency peak (left semicircle) corresponds to the charge
transfer at counter electrode. The equivalent circuit was used for
the analysis of the impedance measurements shown in Fig.2c. It
consist of the series resistance (Rs) including the resistance of
electrolyte and TCO coated glasses, charge transfer resistance at
electrolyte/Pt-FTO interface (Rct1) and capacitance of this double
layer (CPE1), charge transfer resistance at TiO2/electrolyte inter-
face (Rct2) and capacitance of this double layer (CPE2) and ZN
corresponds to the Nernstian diffusion process of I3− in electrolyte
[21].

From the Bode Phase plot shown in Fig. 2b, the electron life-
time with electrolyte K35 is much longer than that obtained from
other electrolytes. The reciprocal of the peak frequency for the
middle-frequency peak is regarded as the electron lifetime since it
represents the charge transfer process at the TiO2/dye/electrolyte
interface.

When the diffusing species is present in an electrolyte, De is
just the diffusion coefficient of this species. Therefore in mixtures
containing the I−/I3

− redox couple with an excess amount of iodide,
De is given by the diffusion coefficient of triiodide, DI3

− [19].

The diffusion of the triiodide in the electrolyte is described by
Nernst impedance, ZN [18],
ZN = W√
iω

tanh

(√√
iω

KN

)
(1)



5712 C. Zafer et al. / Electrochimica Acta 54 (2009) 5709–5714

F
B

w
g

W

K

D
a
f
e
(

u
b
a
l

c
D

Table 1
Characteristic fitting parameters of equivalent circuit; series resistances (Rs/�)
and charge transfer resistances (RCT/�), constant phase element (CPE/�F), War-
burg parameter (W/� s−1/2) and triiodide diffusion coefficients (De/cm2/s) of IL
electrolytes.

BMII K34 K35 K36 TEGDII

Rs (�) 13.85 14.42 15.87 14.53 15.35
RCT1 (�) 3.35 2.98 3.14 2.43 3.59
CPE1 (�F) 18.32 20.81 31.81 26.32 30.15
RCT2 (�) 24.01 26.63 52.75 28.9 32.54
CPE2 (�F) 312.60 324.50 742.80 379.50 536

point, Pin is the intensity of incident light A is the cell area. The FF
and � values of the DSSCs were calculated using Eqs. (4) and (5) and
are given in Table 2.

The Voc value of the DSSC corresponds to the difference between
quasi Fermi level of the TiO2 film under illumination and redox

Table 2
Photovoltaic performances of the DSSCs under 100 mWcm−2 light intensity and
AM1.5 global radiation.

BMII K34 K35 K36 TEGDII

Voc [V] 0.65 0.64 0.63 0.65 0.64
Isc [mA/cm2] 18.58 17.11 15.87 15.89 15.94
ig. 2. Electrochemical impedance spectra of DSSCs with ionic liquid electrolytes (a)
ode-phase plots; (b) Nyquist plots; (c) equivalent circuit of DSSC for fitting model.

here W is the Warburg parameter and KN is the time constant
iven by

= kT

m2e2
0cI3

− − A
√

Del

(2)

N = Del

ı2
(3)

el, diffusion constant of I3−; cI3
− , concentration of I3−; A, electrode

rea; m, number of electrons transferred in each reaction (m = 2
or the present discussion; k, Boltzman constant; T, temperature;
0, elementary charge; ı, thickness of the Nernst diffusion layer;
ı = 0.5del; del, distance between the electrodes) [20].

The diffusion constant Del and charge transfer resistance RCT val-
es of the DSSCs were determined by fitting the impedance values
y equivalent circuit model shown in Fig. 2c and obtained values

re given in Table 1. The measured and the fitted data correspond
argely for all measurements and fitting errors were below 0.5%.

The larger diffusion coefficient for the DSSCs, in general
ause the great short circuit current. As seen in Table 2, the
SSC cell for BMII has the highest current of 18.58 mA/cm2,
W (� s−1/2) 3.076 4.212 3.295 4.132 4.289
De (cm2/s) 1.95 × 10−7 1.90 × 10−7 1.29 × 10−7 1.61 × 10−7 1.45 × 10−7

which also has lowest molecular weight and smallest cationic
size among the ionic liquids (Scheme 1). The diffusion coef-
ficient for the ionic liquids was found to increase in the
order: (De)BMII > (De)K34 > (De)K36 > (De)TEGDII > (De)K35. The higher
De value gives the larger photocurrent due to the quick charge
transport in the electrolyte.

On the other side charge transfer resistance is related with
charge recombination reactions in the TiO2/dye/electrolyte inter-
face (Rct2) and electrolyte/Pt-FTO interface (Rct1). Charge transfer
resistance RCT value for the BMII has the lowest value. The lowest
value gives the lowest charge losses in the TiO2/electrolyte inter-
face. But, the highest RCT value was found for K35. This suggests
that the K35 gives the lowest Isc and FF values for the DSSCs.

3.3. Photovoltaic performances

The current density–voltage (I–V) characteristics of the DSSCs
with bis-imidazolium salt ILs having different chains and chain
lengths under dark and 100 mW/cm2 light intensity of AM1.5 global
radiation are shown in Fig. 3.

The dark I–V characteristics of the DSSCs show a rectifying
behaviour. The I–V characteristics of the DSSCs under the illumi-
nation give an open circuit voltage Voc and short circuit current Isc.
The photovoltaic parameters of DSSC solar cells can be obtained
from the following equations [22]

FF = VmIm
VocIsc

(4)

and

� = IscVocFF

PinA
(5)

where FF is filling factor, Voc is the open circuit voltage, Isc is the
short current. Im and Vm are current and potential maximum power
Vmpp [V] 0.40 0.39 0.37 0.40 0.38
Impp [mA/cm2] 14.10 14.37 12.05 12.91 12.25
MPP [mW] 5.64 5.60 4.45 5.16 4.65
FF 0.47 0.51 0.44 0.50 0.45
� [%] 5.64 5.60 4.45 5.16 4.65
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Scheme 1. Structure

Fig. 3. I–V curves of DSSCs under (a) 100 mW/cm2 light intensity and AM1.5 global
irradiation (b) dark.
of ionic liquids.

potential of electrolyte, which is influenced mainly by the molar
ratio of I−/I3−. In this case, I−/I3− molar ratio is independent of the
IL concentration and thus there is no significant change in open cir-
cuit voltages by increasing chain length and polarity [20]. K35 and
K36 are the analogue electrolytes according to their polarities with
same length and there is 20 mV difference in open circuit voltages.
Polyethylene glycol chain can be easily adsorbed on TiO2 surface
and help to increase Voc by decreasing back electron transfer from
TiO2 to electrolyte [23,24].

Both Jsc and FF are influenced by the ionic conductivity
of IL based electrolyte, because low conductivity causes rate-
determining of charge transportation and increasing the series
resistance [20]. Ionic conductivity is directly related by viscosity
and diffusion coefficient of electrolyte. As seen in Table 2, the Isc

values increase with diffusion coefficients of triiodide and decrease
with viscosities of ILs used for electrolytes. FF values of the DSSCs
increase from 0.44 to 0.5 and this increases efficiency from 4.45%
to 5.16% respectively due to viscosities and diffusion coefficients of
the ILs.

Increasing the chain length from 4C to 8C with K34 to K35
respectively, drastically decreases efficiency from 5.60% to 4.45%
by decreasing FF and short circuit photo-current because of larger
anion size and lower diffusion coefficient [23,24].

The similar relationship is there between PEO2 and PEO3 deriva-
tives, K36 and TEGDII respectively. One ethylene oxide (EO) group
does not affect much the photocurrent but affects the FF. As seen
from Fig. 1, there is no significant difference of viscosities measured
at room temperatures. Also, EIS measurements at room tempera-
ture show linearity with viscosity measurements. Charge transfer
resistance is higher with TEGDII electrolyte which decreases FF. In
comparison of reference electrolyte BMII with the analogous K34
there is no significant change in efficiencies. Isc is higher with BMII
due to lower viscosity, smaller anion size and higher diffusion coef-
ficient of triiodide.
As seen from Fig. 1, The BMII ionic liquid has the lowest viscosity
value. This suggests that the DSSC for BMII should have the highest
short circuit current and highest efficiency. In fact, it is seen that
the BMII ionic liquid gives the highest Isc and � value among the
investigated DSSCs.
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. Conclusion

We report the synthesis and characterization of four new
icationic bis imidazolium salt ILs by viscosity, charge transfer resis-
ance, diffusion coefficient measurements and applied these ILs in
SSCs as electrolyte and investigated photovoltaic performances.

All measurements compared with reference ionic liquid BMII.
i-cationic ILs shows promising results for DSSCs. K34 yields nearly

ame efficiency with BMII under standard conditions as 5.60% and
.64% respectively.
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