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Determination of triiodide diffusion coefficient, charge-transfer resistance and photovoltaic performance
of the binary ionic liquid electrolyte of 1-methyl-3-propylimidazolium iodide (MPII) and 1-ethyl-3-
methylimidazolium tetrafluoroborate (EMIMBF,) for dye-sensitized solar cells (DSSCs) were performed
at varying volume ratios of MPII[/JEMIMBF,4. Compared to pure MPII ionic liquid, the addition of EMIMBF4
not only increased triiodide diffusion coefficient, but also decreased charge-transfer resistance at
Pt/electrolyte interface, leading to the notably improved photovoltaic performance of DSSC. The highest
photoelectric conversion efficiency of 4.99% was obtained under light intensity of 100 mW/cm? for the
DSSC with the binary MPIIJEMIMBF; ionic liquid electrolyte when the volume ratio of MPII/EMIMBEF, was
50/50, which was much higher than that of pure MPII ionic liquid electrolyte (2.6%).

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Dye-sensitized solar cells (DSSCs) based on nanocrystalline
TiO, semiconductors have attracted much attention because of
their low-cost production and high photovoltaic performance [1,2].
Although an impressive 11% light-to-electricity conversion effi-
ciency has been achieved for DSSCs with organic solvent-based
electrolytes [3], the presence of volatile liquid electrolyte in such
devices results in some practical limitations for sealing and long-
term operation of the devices. A good alternative to organic
solvents, e.g. for electrochemical devices, are ionic liquids [4,5], due
to their attractive chemical and thermal stability, non-volatility,
and high ionic conductivity at room temperature [6]. Among the
ionicliquid electrolytes used in DSSCs, most attention has been paid
to the ionic liquids with 1,3-dialkylimidazolium cations [7], espe-
cially to 1-methyl-3-propylimidazolium iodide (MPII), an iodide
source in the electrolyte. However, the energy conversion effi-
ciency of DSSCs using ionic liquid solvents could not reach that
of DSSCs with volatile liquid solvent due to the high viscosity of
MPII (880 mPa at 21°C) [8,9]. It has been reported that mixing
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some imidazolium melts containing nonelectroactive anions with
MPII could decrease the viscosity of the electrolyte and improved
the power conversion efficiencies of DSSCs [10-12]. The conver-
sion efficiency of DSSC based on amphiphilic ruthenium sensitizer
7907 [11] was improved from 6% to 7% by the addition of 1-methyl-
3-ethylimidazolium dicyanamides (EMIDCN) into MPII electrolyte.
A stable DSSC also using sensitizer Z907 with a high conversion
efficiency of 6.4% has been reported under simulated full sunlight
(Air Mass 1.5, 100 mW/cm?) using a binary ionic liquid electrolyte
of MPII and 1-ethyl-3-methylimidazolium thiocyanate (EMINCS)
[12].

In this study, imidazolium melts 1-ethyl-3-methylimidazolium
tetrafluoroborate (EMIMBF,) was used to improve conversion effi-
ciency of DSSC due to its low viscosity (37 mPa at 25°C [13]),
high ionic conductivity [14], high electrochemical stability [15],
and environment friendly. Although Zistler et al. [16] have recently
reported the temperature dependent impedance analysis of binary
ionic liquid electrolytes including EMIMBF,4/MPII, the study about
the effect of the binary ionic electrolytes EMIMBF4/MPII on the
performance of solar cells has not reported yet. In this paper,
the electrolytes with various volume ratios of MPII/EMIMBF4
were analyzed via polarization measurements and electrochem-
ical impedance spectroscopy (EIS). The effect of volume ratio of
MPII/EMIMBF, on the photovoltaic performance of DSSC was stud-
ied. The highest conversion efficiency of 4.99% was achieved when


http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:pcheng2008@sjtu.edu.cn
mailto:phedra2008@yahoo.com.cn
mailto:changsheng@tsinghua.edu.cn
mailto:swguo@sjtu.edu.cn
dx.doi.org/10.1016/j.jphotochem.2010.04.009

148 P. Cheng et al. / Journal of Photochemistry and Photobiology A: Chemistry 212 (2010) 147-152

—N7GINT - BFYY
Scheme 1. Molecular structure of EMIMBF, ionic liquid.

the volume ratio of MPII/JEMIMBEF,4 was 50/50, which was much
higher than that of pure MPII ionic liquid electrolyte.

2. Experimental
2.1. Materials

The dye cis-(SCN),bis(2,2’-bipyridyl-4,4’-dicarboxylate) ruthe-
nium (N3) was purchased from Solaronix SA. Titanium(IV)
isopropoxide, 4-tert-butylpyridine (TBP) and 1-methyl-3-
propylimidazolium iodide (MPII) were purchased from Aldrich. All
the materials were reagent grade and used as received. The synthe-
sis of ionic liquid, 1-ethyl-3-methylimidazolium tetrafluoroborate
(EMIMBF,) was carried out according to methods reported by
Matsumoto et al. [17], and its molecular structure is shown in
Scheme 1.

2.2. Sample preparation

Symmetric Pt electrochemical thin-layer cells were prepared
for polarization curve and impedance spectroscopy measurements
[18,19]. The cell consisted of two identical platinized, TCO-coated
glass substrates (FTO, 20 €2/square) sealed with a surlyn film
(30 wm, DuPont). The cell was filled with the ionic liquid electrolyte
at varying volume ratio of MPII/EMIMBF,. All the measurements
were performed at room temperature.

The TiO, (anatase) colloidal paste was prepared by hydrolysis
of titanium tetraisopropoxide according to the previously reported
process [20]. The TiO, paste was deposited using a simple doctor
blade technique on completely cleaned FTO glass (4 mm thick, 75%
transmittance in the visible, 20 2/square). The thickness and the
size of the porous TiO; layer were controlled by an adhesive tape.
Afterward, the film was heated at 450 °C for 60 min. The thickness
of the resulting porous TiO; film was about 8 wm. Coloration of
TiO, was carried out by soaking the film in dry ethanol containing
2.5 x 1074 M N3 ruthenium complex for 20 h at room temperature.
In order to avoid rehydration of the TiO, surface or capillary con-
densation of water vapor from ambient air inside the nanopores of
the film, the dye adsorption was done immediately while the elec-
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trode was still hot, i.e., its temperature was ca. 80 °C. A sandwich
cell was prepared with a second conducting glass coated with Pt
film, which was deposited from paste containing hexachloropla-
tinic acid, ethylcellulose and terpineol by screen printing process.
The two electrodes were separated by a 30 wm surlyn spacer and
sealed up by heating at 150°C. The redox electrolyte was intro-
duced into the space of inter-electrodes through the two holes
predrilled on the back of the counter electrode. The two holes were
sealed up using a surlyn film, on which a glass slide was pressed
under heat. The redox electrolyte composed of 0.15M I, 0.5M 4-
tert-butylpyridine and 0.1 M guanidinium thiocyanate in a mixture
of MPII and EMIMBF, (the volume ratio of MPI[/EMIMBF, ranging
from 100% to 20%). The active area of DSSC was 0.194 cm?.

2.3. Measurement

Viscosity measurements were conducted using a 4ARES-9a
rheometer (Rheometric Scientific, USA) at room temperature. The
viscosities given were averaged over the values obtained at shear
rates from 10 to 1000s~!. Polarization curves and impedance
spectroscopy measurements were performed using an IM6/IM6e
(Zahner, Germany) electrochemical analyzer in a two-electrode
configuration. A 10mV AC perturbation was applied and the
frequency range was 0.01-100 kHz. The scan rate was 10mV/s.
Photocurrent-voltage curves were recorded using a source meter
(Keithley-2400, Keithley Co. Ltd., USA) under an illumination of
100 mW/cm? (1.5G Air Mass Filter, 1sun) from a 300 W Oriel solar
simulator 91,160 at room temperature. The output beam size of the
solar simulator was 2 x 2 in. The size of the cells was about 1 cm?2. A
mask of 0.194 cm? was clipped on the TiO; side to define the active
area of the cell.

3. Results and discussion

Generally, a DSSC comprises a dye-sensitized nanocrystalline
porous TiO, film immobilized on a transparent conducting oxide
TCO-coated glass substrate, an electrolyte containing an I=/I3~
redox couple, and a platinized TCO-coated glass substrate as
counter electrode. When the sensitizer dye molecules absorb solar
energy, electrons are injected rapidly from the excited state of the
dye into the conduction band of TiO,. The injected electrons dif-
fuse into the conduction band of TiO, and reach the outer circuit
through the back contact. The oxidized dye molecules are reduced
by I~ ions in the electrolyte via the reaction 31~ — I3~ +2e, where
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Fig. 1. (a) Typical Nyquist plot and (b) Bode plot of the impedance spectrum of the binary ionic liquid electrolyte (MPI[/JEMIMBF, volume ratio 20/80) measured at a thin

layer cell.
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[~ ion is oxidized into I3~ ion by losing two electrons. At Pt counter
electrode, the reverse reaction I3~ + 2e — 31~ takes place, where I3~
ionis reduced to I~ ion by gaining two electrons from counter elec-
trode. In the iodide-based electrolyte, I~ ions diffuse from counter
electrode to dye, and I3~ ions diffuse from dye to counter elec-
trode. Among the above reactions, both the charge-transfer process
at the Pt/electrolyte interface and the diffusion process of ions in
the electrolyte are important for the efficiency of the DSSC.

3.1. Influence of the MPII concentration on the charge-transfer
resistance at Pt/electrolyte interface

A typical impedance spectrum of the binary ionic liquid elec-
trolyte (MPII/JEMIMBEF,4 =20/80, in volume) measured at a Pt-Pt thin
layer cell was shown in Fig. 1(a) and (b) in a Bode and a Nyquist
plot, respectively. In Fig. 1(a), the first part of the impedance spec-
trum was attributed to the kinetics at the Pt electrode [16], the
second was related to diffusion processes of I3~ ions. The diffusion
impedance is related to only I3~ species since there are excess I~
ions in the electrolyte. The equivalent circuit shown in Fig. 2 was
used for the fitting of the impedance spectrum. R is the ohmic
serial resistance (including resistances of the electrolyte, TCO-
coated glass and the cables), R is the charge-transfer resistance at
the counter electrode/electrolyte interface, Cy is the capacitance
of electrical double layer, Z,y is the Warburg impedance, which is
attributed to diffusion process of I3~ ions in the electrolyte. The
impedance W is given by [21,22]:

tanh(+/iwT

7= RDM (1)
\/ ia)'L'D

where Rp is Warburg parameter, tp is associated to the diffusion
coefficientand § is the Nernst-distance to the electrode For the thin
layer cell, diffusion coefficient of I3~ ions (Dy,-) in the electrolyte
can be calculated from the electrode distance § =1/2 and the param-
eter tTp obtained by fitting the impedance spectrum according to
the following equation:

82 (1/2)

Py~ = ™ 2)

The curve fitting was realized using Z-view software (Scribner
Associate, Inc.). To compensate for the roughness of the electrode
surface, constant phase element (CPE) was used in the model in
place of a capacitor keeping the exponent CPE-P quite close to the
perfect capacitor value, CPE-P ~ 1. The fitting results were in a good
agreement with measured impedance values. The values of the fit-
ted parameters were listed in Table 1. As shown in Table 1, the R¢t
value decreased with the decrease of MPII content, which meant
the kinetic behavior of the I=/I3~ redox couple depending on I~
concentration in ionic liquid electrolyte was different from that in
aqueous as well as organic solvent solutions where the influence of
the iodide concentration was inverse [23] for aqueous and negligi-
ble for organic solvent solutions [19]. A minimum of 2.1 2 for R¢¢
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Fig. 2. Equivalent circuit used for the analysis of the impedance spectrum including
serial resistance Rs, charge-transfer resistance R, double layer capacity Cg;, and
Warburg impedance Z,,.

Table 1
Fitted parameters of the binary ionic liquid electrolytes with various volume ratios
of MPII/EMIMBF,.

Volume ratio of MPI/EMIMBEs ~ R«/2  Ro/Q?  tofs Dy~ (1077 cm?/s)

100/0 4.2 26.1 64 0.35
80/20 3.6 252 45.1 0.50
65/35 33 22 375 0.60
50/50 2.8 14.1 33 0.68
35/65 24 13.2 31 0.73
20/80 21l 112 29.1 0.77

was achieved when the volume ratio of MPII/EMIMBF,4 was 20/80.
For the electrolyte of DSSC, a strong influence of viscosity on R¢ has
been reported [24]. Therefore, the influence of MPII content on the
R value was mainly attributed to the increase in viscosity, but not
to the concentration of I~. This illustrates that a low viscosity of the
ionic liquid electrolyte is a key property not only for the diffusion of
ions in the electrolyte, but also the kinetics of I~ regeneration at the
counter electrode of the DSSC. The decreased Rt would facilitate
the I~ regeneration at the counter electrode, leading to an improved
photovoltaic performance of DSSC. In addition, both the values of
Rp and tp decreased with the decrease of MPII content, which indi-
cated an improved diffusion property of ions with decreasing MPII
content. Although Rp and tp were correlated to the diffusion coef-
ficients of ions, it could only be used for qualitative analysis due to
its small effect on the impedance spectra for the electrolytes with
a high viscosity. So the exact diffusion coefficients should be deter-
mined from diffusion-limited currents, which were studied in the
following section.

3.2. Influence of the MPII concentration on the diffuse coefficients
of ions

Fig. 3 shows a typical polarization curve for the binary ionic lig-
uid electrolyte (MPII/EMIMBF,4 =20/80, in volume). It was found
that the current density was achieving its limiting value jj;;, when
the applied voltage V was increased. Due to the large excess of I~
relative to I3~ and the diffusion coefficients of both species are in
nearly the same order of magnitude, I3~ ions are the diffusion-
limiting species. Diffusion coefficient of I3~ ions (Dl37) in the
electrolytes could be determined from the limiting current density
(jiim) by the following equation [25]:

_ Juml
5T 2nFC,, - (3)

where n is the number of electrons transferred in each reaction
(here n=2); Fis Faraday’s constant; L is the distance between the

flim

Current density(mA/cm?)
o

1.0 05 00 05 10
Voltage (V)

Fig. 3. Typical polarization curve of the binary ionic liquid electrolyte
(MPII/JEMIMBF, =20/80, in volume) at a thin layer cell.
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Table 2
Limiting current density (jjin ), diffusion coefficient (D]3 - ) and viscosity of the binary
ionic liquid electrolyte with various volume ratios of MPII/JEMIMBF,.

Volume ratio of Jiim (MA/cm?) Dy,- (1077 cm?/s) Viscosity (mPa)

MPII/EMIMBE,
100/0 1.66 0.86 884
80/20 2.12 1.1 455
65/35 3.89 2.01 288
50/50 454 235 157
35/65 5.26 2.72 124
20/80 6.08 3.17 77

two electrodes (here L=30 wm) and C13* is the molar concentra-
tion of I3~ (here G,- = 0.15M). The jji;, and the corresponding
Dy,- values for the binary ionic liquid electrolytes with various
volume ratios of MPII/JEMIMBF, were summarized in Table 2. It
was found that the diffusion coefficient of triiodide showed a
strong increase with decreasing MPII content. For the electrolyte
with MPIIJEMIMBF, volume ratio of 20/80, the diffusion coeffi-
cient of triiodide was 3.17 x 107 cm?2/s, which was three times
more than pure MPII electrolyte (0.86 x 10~7cm?/s). According
to Einstein-Stokes rule [26], the product of viscosity and diffu-
sion coefficient (the Walden product) was approximately constant
[26,27], therefore the Einstein-Stokes ratio Dn/Tshould also be con-
stant for a constant temperature. However, as shown in Fig. 4, the
values of the Einstein-Stokes ratios of the I3~ diffusion coefficients
ofthe electrolytes with varying MPII concentration did not stay con-
stant with increasing MPII concentration and increasing viscosity,
but the values grow with the increase of MPII concentration. The
deviation was explained by that the triiodide transport was not only
created by an ordinary diffusion process, but also by a Grotthus-
type charge-exchange mechanism [28]. So the Einstein-Stokes
ratio increased with increasing iodide concentration. Diffusion of
triiodide in the electrolyte often became a limiting process in an
ionic liquid electrolyte based DSSC, especially when the iodine
concentration and consequently the triiodide concentration in the
electrolyte were low [29]. Improved diffusion coefficient of triio-
dide not only could facilitate I~ regeneration and hence the dye
molecule regeneration, but also would suppress the recombina-
tion between I3~ ions and injected electrons in TiO, conduction
band, both of which would enhance the photovoltaic performance
of DSSC.

™~

Dn/ T(1x107)

02 04 06 08 10
Volume of MPII (%)

Fig. 4. Einstein-Stokes ratio calculated with diffusion coefficient determined with
polarization measurement at a thin layer cell.
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Fig.5. Photocurrent-voltage curves of DSSCs as a function of MPII/EMIMBF, volume
ratio.

3.3. Influence of the MPII concentration on the photovoltaic
performance of DSSC

Fig. 5 depicts the photocurrent-voltage characteristics curves
of DSSCs based on the electrolytes with various volume ratios
of MPII/EMIMBF,. The corresponding photovoltaic characteristic
parameters of DSSCs were summarized in Table 3. The photoelec-
tric conversion efficiency n was enhanced upon the addition of
EMIMBF,4 and the maximum of 4.99% was achieved when the vol-
ume ratio of MPII/EMIMBF4 was 50/50, where both Jsc and Vi
reached their maximum values of 0.625V and 13.673 mA/cm?,
respectively. The increased photocurrent with decreasing MPII con-
tent was attributed to the improved diffusion coefficient of I3~ and
the reduced charge-transfer resistance, as discussed in the previ-
ous sections. It has been reported that the relation between open
circuit (Voc) of DSSC and concentrations of I3~ and oxidized dyes
(D*) could be expressed as [30,31]:

RT Al
Voc = ﬁ In <n0k1 C137 T n0k2CD+> (4)

where k1, ky, and I are kinetic constants for the recombination of the
injected electrons with I3, with oxidized dyes (D*), and incident
photon flux, respectively. And ng is the concentration of accessi-
ble electronic states in the conduction band. It was apparent that
the open-circuit voltage V. was reciprocally proportional to kq,
ks, G- and Cp+. Under illumination, I3~ ions produced in situ by
dye regeneration diffuse to the counter electrode. The improved
diffusion coefficient of I3~ resulted in the decreased local I3~ con-
centration around TiO, nanoparticles and, thus, would slow down
the possible charge recombination between the injected electrons
and I3~ at TiO;/electrolyte interface. According to the equation (4),
the V¢ value increased when the recombination kinetic constant of
k1 decreased. In summary, when the volume ratio of MPII/EMIMBF,
was above 50/50, the photocurrent Js, the open-circuit voltage
Voc and hence the conversion efficiency 7 of DSSC increased with
decreasing MPII content.

Table 3
Photovoltaic parameters of DSSCs based on the binary liquid electrolyte with differ-
ent volume ratios of MPII/EMIMBE,.

Volume ratio of MPII Jsc (mA/cm?) Vo (V) FF n (%)
100/0 10.691 0.528 0.46 2.60
80/20 12.133 0.572 0.47 3.29
65/35 12.692 0.597 0.47 3.56
50/50 13.673 0.625 0.58 4.99
35/65 13.114 0.610 0.53 423
20/80 11.376 0.542 0.48 2.97
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However, when the volume ratio of MPII/EMIMBE, was below
50/50, Jsc, Voc and hence 1 decreased with the decrease of MPII
content. The deteriorated photovoltaic performance was proba-
bly attributed to the lack of I~ ions in the electrolyte. The role
of the iodide in the electrolyte is to regenerate the positively
charged photoexcited dye by electron donation according to the
redox reaction: 31~ +2Dye* — 2Dye +15~. The lack of I~ led to the
incomplete dye regeneration and hence the decreased photocur-
rent Jsc, open-circuit voltage Vo, and hence conversion efficiency
n of DSSC. Recently, Grdtzel's group have reported the similar
result for 3-methoxyproprionitrile (MPN)-based electrolytes with
different concentration of MPII [32]. It indicated that the dye regen-
eration process was incomplete when the MPII concentration was
lower than 1.5M in the electrolyte, which was proved by time-
resolved laser experiments. In our study, the electrolytes with the
MPII/EMIMBEF,4 volumes ratio of 20/80 and 65/35 correspond to the
MPII concentrations of 0.8 M and 1.39 M, respectively. In the same
manner, the low I~ concentration (less than 1.5 M) in the electrolyte
would lead to the incomplete dye regeneration thus the decreased
photovoltaic performance. Compared to the reported DSSC using
binary ionic liquid electrolyte, the DSSC using MPII/EMIMBF, elec-
trolyte in this study was always very stable while MPII/EMIDCN
ionic liquid electrolyte showed instability of the cells under visi-
ble light soaking [11]. It was worth mentioning that the conversion
efficiency of DSSC increased noticeably from 2.60% to 4.99% upon
the addition of EMIMBF, although it was still lower than that of
ionic liquid EMINCS/MPII (6.4%) [12]. The relatively low conversion
efficiency in our study was probably attributed to the N3 sensitizer
used in the device. Because it has been reported that the conversion
efficiency of 6.6% and 5% was obtained for the same binary ionic lig-
uid electrolyte when the TiO, photoanode was sensitized with Z907
and N719 dye, respectively [11]. It can be concluded that Z907 sen-
sitizer should show a higher photovoltaic performance than N719
and N3 sensitizer for DSSC using ionic liquid electrolyte. So the con-
version efficiencies of DSSC with the binary MPII/EMIMBF, ionic
liquid electrolyte in the study are expected to be notably improved
if Z907 sensitizers are used in the devices. Further work is under
progress.

4. Conclusions

The polarization and impedance spectroscopy measurements
were performed for the binary ionic liquid electrolyte at varying
volume ratio of MPII/EMIMBF,. It was found that the diffusion
coefficients of triiodide increased and the charge-transfer resis-
tance at Pt/electrolyte interface decreased with the increase of
MPII/EMIMBF, volume ratio. In comparison with the pure MPII, the
diffusion coefficients of triiodide increased by three times and the
charge-transfer resistance decreased by twice for the electrolyte
when the volume ratio MPII/JEMIMBF,4 equals 20/80. Both the pho-
tocurrent Jsc and the open-circuit voltage V,c were enhanced as a
function of MPII content when the volume ratio of MPII/EMIMBF,4
was above 50/50. The highest photoelectric conversion efficiency of
4.99% was obtained under an illumination of 100 mW/cm? for the
DSSC based on the binary ionic liquid electrolyte MPII/EMIMBF,
(volume ratio of 50/50), with an increase of 92% improvement
in comparison with DSSC based on pure MPII ionic liquid elec-
trolyte (2.6%). However, further decrease of MPII content caused
a deteriorated photovoltaic performance of DSSC because a high
volume ratio of MPII is required in the binary systems for the
fast dye regeneration and to maintain photovoltaic performance
even if the triiodide concentration is sufficient to avoid diffusion
limitation of the photocurrent. The dye-sensitized solar cells with
the electrolyte, which was composed of 0.15M of I,, 0.5M of 4-
tert-butylpyrdine in the binary ionic liquid electrolyte of MPII and
EMIMBE, (volume ratio of 50/50), gave short circuit photocurrent

density of 13.673 mA/cm?, open-circuit voltage of 0.625V, and fill
factor of 0.58, corresponding to the highest photoelectric conver-
sion efficiency of 4.99% under a 100 mW/cm? illumination.
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