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The effect of the viscosity of room temperature molten salt
(RTMS) electrolyte has been investigated on the performance
of dye-sensitized solar cell (DSSC). Both the short circuit pho-
tocurrent and conversion efficiency are increased with decreas-
ing the viscosity of RTMS as in the case of conventional elec-
trolytes. The conversion efficiency of 2.1% observed for the
cell of EMIm-F-2.3HF is the highest value reported for all the
DSSC consisted of RTMS.

Room temperature molten salts (RTMS) have been exten-
sively studied for application as unique electrolytes for wet
electrochemical devices like batteries because of their high
ionic conductivity, electrochemical stability, and non-volatility.
In particular, non-volatility is the most decisive property to
ensure the long-term stability for electrochemical devices. 2

Papageorgiou et al. reported that these unique properties
were effective for long-term operation of the electrochemical
devices such as dye-sensitized solar cells (DSSC).* They
employed 1-hexyl-3-methylimidazolium iodide (HMImI) as an
involatile electrolyte melting at lower than room temperature.
However, the short circuit photocurrent (Jg.) of the system was
smaller by one order of magnitude that usually reported in the
DSSC systems using organic electrolytes such as acetonitrile.
Since the slow diffusion of iodide redox species in highly vis-
cous HMIml melt (ca. 1800 mPas at 25 °C) causes the low Jg,
a low viscous RTMS have been expected to improve the con-
version efficiency of the DSSC.

Recently, Hagiwara et a. succeeded to synthesize extreme-
ly low viscous RTMS based on 1-ethyl-3-methylimidazolium
(EMIm) and two hydrofluoride anions, H,F;~ and, HsF,~ (molar
ratio, 7:3), being called EMIm-F-2.3HF. The viscosity of
EMIm-F-2.3HF was 4.9 mPa s at 25 °C which is the smallest
among the air-stable RTMS reported so far.>

In the present study, the application of the EMIm-F-2.3HF
to the DSSC system has been made to investigate the effect of
viscosity of molten salt on the cell performance. A comparison
was made using 1-ethyl-3-methylimidazolium bis(trifluoro-
methylsulfonyl)imide (EMIm-TFSI) which shows a higher vis-
cosity (34 mPas at 25 °C)? than that of EMIm-F-2.3HF.
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Scheme 1. Structures of room temperature molten salt used in this study.

According to the literature,® the dye-sensitized TiO, (P25,
Nippon Aerosil) films were prepared on glass plates coated by
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Figure 1. Cyclic voltammograms of room temperature molten salt
contained 60 mM N(n-C3H7)4l, 15 mM 1;. Scan rate: 100 mV sec .
Temperature: 25 °C. Working electrode: Pt disk (0.02 em?). Counter
electrode: Pt (1.0 cm?). Reference electrode: Pt wire immersed in EMIm-
TFSI contained 60 mM N(n-C3H7)4l, 15 mM I.

the F-doped SnO, (Asahi Glass) without TiCl, post-treatment.
Counter electrodes were prepared by the deposition of platinum
on glass plates using a sputtering method. The dye-coated TiO,
and the Pt electrodes were fixed together without using sealing
materials. N3 dye (Solaronix, cis-Ru(4,4'-dicalboxy-2,2'-
bipyridine),(thiocyanato),) was used for the DSSC cell. A
small quantity of the molten salt electrolytes (ca. 10 pL) includ-
ing 0.9 M (mol dm=3) of 1,2-dimethyl-3-hexylimidazolium
iodide (DMHImI) and 30 mM of |, was made to permeate into
the cell from the side aperture. The projection area of the cell
was 1.0 cm?2. Either DMHImI or tetrapropylammonium iodide
(TPALI) was combined with the iodine to provide iodide and tri-
iodide redox couple of ions. EMIm-F-2.3HF° and EMIm-TFSI?
were prepared by the literature methods. To investigate electro-
chemical behavior of iodide in EMIm-F-2.3HF, three-electrode
electrochemical cell was used with a Pt disk elecrtrode of 1.6-
mm diameter and a Pt flag (1 cm?) electrode as a working elec-
trode, and a counter electrode, respectively. The reference elec-
trode was prepared in the same manner as previously
described.? A Pt wire was immersed in EMIm-TFSI melt con-
taining 15 mM I,, 60 mM TPAI in a Pyrex tube separated with
an porous Vycol glass.

Figure 1 shows a cyclic voltammogram for 60 mM TPAI
and 15 mM 1|, in EMIm-F-2.3HF at a disk electrode. Two
major redox peaks typically observed for iodide redox couplein
organic solvents such as acetonitrile were found for both the
EMIm-F-2.3HF and the EMIm-TFSI systems. The diffusion
coefficient of triiodide (D(l57), (cm?s™)) in both EMIm-
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Figure 2. Photocurrent—voltage characteristics of a cell using room
temperature molten salt as an involatile solvent contained 0.9 M of
DMHImI and 30 mM of I,. Temperature; 25 °C. AM 1.5 (100 mW cm2).

F-2.3HF and EMI-TFSI could be calculated from the current of
the reduction peak (I, (A cm)) appeared at around 0.0 V vs |-
/ 13~ using the equation 1.8

= (2.69 % n D) v at
I,= (2.69x10°) n”*AD(I;) v'*C at25°C (1

where n: electrons per molecule oxidized or reduced (=2), A:
area of working electrode (cm?), v: scan rate (V s™), C: concen-
tration (mol cm™3).

The calculated diffusion coefficients of triiodide, D(I5) in
various solutions are increased with decreasing the viscosity of
the corresponding solvent as shown in Table 1.

Figure 2 shows the |-V characteristic under the illumina
tion of AM 1.5 (100 mw cm?). The concentration of iodide
redox, 0.9 M of DMHImI and 30 mM of I,,, was determined to
obtain the highest Jg. in the case of EMIm-F-2.3HF. The J
observed for the EMIm-F-2.3HF system was about six times
larger than that of EMImM-TFSI. Such increase of the Jg, with
the use of EMIm-F-2.3HF must be caused by the enhancement
of the diffusion of triiodide as shown in Table 1. However, the
conversion efficiency for EMIm-F-2.3HF was lower than that
for the acetonitrile systems. This might be due to the lower dif-
fusion coefficient of triiodide even in EMIm-F-2.3HF system.
Therefore, it is necessary for improving cell performance to
develop a less viscous RTMS to increase diffusion coefficient
of iodide redox. However, the preparation of less viscous
RTMS is difficult because a principle of molecular design to
change the physical properties of RTMS such as viscosity and
melting point has not been well established yet.

Asshown in Table 1, it should be noted that the Jg; of high-
ly viscous HMImI system is comparable to that of EMIm-TFS]
system. Papageorgiou et al. previously claimed that the triio-
dide in HMImI, which formed after the regeneration of oxida
tive form of N3 dye with iodide, might be transferred to the Pt
counter electrode by not a diffusion of triiodide but Grotthus-
like hopping mechanism.* The fact that the diffusion coeffi-
cient of triiodide in HMImI shown in Table 1 is about eight
times lower than that of EMIm-TFSI strongly supports the exis-
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Table 1. Cell performance in various electrolyte systems at 25 °C (AM 1.5,
100 mW cm®)

Solvent vise® [RIP (L] T, , Vo FF4 n° 1);13‘)f
/mPas /M /mM /mAcm™ /V % 710 cm’s
HMImI® 1800 4.6 50 08 — — — 09

EMIm-TFSI 34 09 30 0.9 050 080 036 7.6
EMIm-F- 2.]12HF 48 09 30 5.8 065 056 2.1 43
Acetonitlile 04 09 50 137 070 059 57 110

*Viscosity of solvent. "[RIS[DMHImI]. *mol dm™. %Fill factor. “Conver-
sion efficiency. Diffusion coefficient of triiodide ion calculated from the
reduction peak current of cyclic voltammogram as shown in Figure 1. ¥From
ref 4. hThe electrolyte contained 0.1 mol dm'3 of Lil, 0.8 mol dm™ of
DMHImI and 0.2 mol dm™ of t-butylpyridine. ! Calculated from the cyclic
voltammogram of an acetonitlile solution containing 12 mM of TPAI and 3
mM of iodine.

tence of such non-diffusional hopping mechanism of triiodide.
It has not been clarified the accurate mechanism of hopping of
triiodide in RTMS yet, however, such non-diffusional mecha-
nism might be valid for improving cell performance using rela-
tively high viscous RTMS as an involatile solvent.

We have currently studied new RTMS based on molten
polyiodide, which contains iodine with high concentration (>
1000 mM) comparing with a conventional DSSC systems. The
viscosity (> 40 mPas at 60 °C) is much higher than EMI-TFSI.
However, the J,. of 8 mA cm= comparable to EMIm-F-2.3HF
system as mentioned above was obtained. This suggests that
the hopping mechanism of iodide redox couple as stated above
is valid for the improving cell performance using RTMS. The
detailed study will be published elsewhere.

In conclusion, the performance of DSSC system using
RTMS is improved with decreasing the viscosity of RTMS.
The 2.1% of conversion efficiency has been achieved with the
use of the lowest viscous EMIm-F-2.3HF at present. The hop-
ping mechanism for iodide redox will be important to improve
cell performance using relatively high viscous RTMS.
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