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Abstract

Novel thixotropic gel electrolytes have been successfully prepared by utilizing oligomeric poly(ethylene oxide) (PEO)-based bis-imidazolium
diiodide salts and hydrophilic silica nanoparticles for application in quasi-solid-state dye-sensitized solar cells (DSSCs). The thixotropic gel-state
of the ionic liquid-based composite electrolytes is confirmed by observing the typical hysteresis loop and temporary hydrogen bonding. On using
the PEO-based composite electrolyte, a quasi-solid-state DSSC exhibited highly improved properties such as easy penetration of the electrolyte
into the cell without leakage, long-term stability, high open-circuit voltage without the use of 4-fers-butylpyridine, and a high energy-conversion

efficiency of 5.25% under AM 1.5 illumination (100 mW cm™2).
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The first report on a new type of dye-sensitized solar cell
(DSSC) was published by Gritzel and co-worker [1] and, by
improving TiO; electrodes they attained an overall energy con-
version efficiency of 10% in simulated solar light [2,3]. Since
then, DSSCs have been intensively studied and have attracted
an ever-growing interest from many researchers of different
disciplines. DSSCs based on mesoporous TiO» nanocrystals
are attractive candidates for a new renewable energy resources
because they can be made with low-cost materials through a sim-
ple manufacturing process [4—7]. Nevertheless, there are many
issues that need to be resolved for DSSCs achieve practicality
such as increasing the conversion efficiency and achieving better
long-term stability.
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The photovoltaic effect in a DSSC originates from the inter-
face between a redox electrolyte containing iodide and triiodide
(I"/137) ions and a ruthenium dye-adsorbed mesoscopic TiOy
electrode [8]. The electrolyte, as one of the key ingredients,
provides internal electric conductivity by diffusing within the
mesoporous TiO, layer [9]. Because of their relatively high
ionic conductivity and low viscosity, room-temperature ionic
liquids (RTIL) are being widely investigated as solvents and
important sources for the iodide-based redox couple in DSSCs
[10-12]. To prevent the leakage of RTIL-based electrolytes,
quasi-solid-state electrolytes have been proposed by incorpo-
rating low-molecular weight gelating agents [13-16] and the
addition of fumed silica nanoparticles [17-19]. Gritzel et al.
[20] reported that ionic, liquid-based, composite electrolytes
were successfully employed for a quasi-solid-state DSSC sys-
tem that gave 7% conversion efficiency at AM 1.5 illumination.
The reported composite electrolyte was found, however, to be
incomplete in the formation of gel-state because it consisted of
I-methyl-3-propylimidazolium iodide as a low-viscosity ionic
liquid and fumed silica nanoparticles with low specific-surface
areas. Recently, Yang et al. [21] have reported the formation of
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a solid-state electrolyte by using 1-butyl-3-methylimidazolium
salt with a different anion, such as tetrafluoroborate, and fumed
silica nanoparticles. The electrolytes they reported were solid-
state and showed only a melting behaviour and they did not
explain changes in viscosity like the thixotropic gel-state.

Thixotropic gels can be converted into sols by applying a
suitable mechanical stress, e.g., by shaking, and then the sols
return to gels again at a definite rate when the stress is removed.
The advantage of thixotropic gel electrolytes is that it can eas-
ily penetrate the mesoporous TiO; layer by shearing (sol-state),
and thereby provide enhanced dye-adsorbed TiO;|electrolyte
interfacial contact. The open-circuit voltage (V) of a DSSC
is significantly influenced by surface treatment with pyridine
derivatives such as, N-methylbenzimidazole, tetrabutylammo-
nium phosphate, and recently with guanidinium derivatives
[22,23]. In particular, the addition of 4-fert-butylpyridine (tBP)
to the redox electrolyte gives a significant improvement in the
Voc [24]. This was attributed to the masking of electrons at the
TiO; surface.

In this work, novel thixotropic gel electrolytes are pre-
pared by employing dicationic bis-imidazolium diiodide salts
(PEO,,BIm-I) and hydrophilic fumed silica to improve both the
solidification tendency of an electrolyte system and the V,,; with-
out using tBP in DSSCs. To the best of our knowledge, this is
the first report of the use of thixotropic gel electrolytes based on
imidazolium salts as ionic liquids for DSSCs.

2. Experimental

2.1. Synthesis of PEO-based dicationic bis-imidazolium
diiodide salts

Three kinds of PEO,,,BIm-I salts (where m is the number of
ethylene oxide (EO) units of PEO) were prepared and are based
on PEO oligomers that have two N-butylimidazolium cations on
the both chain ends. The salts have a structure of two butylim-
idazolium dications formed by joining different EO linkages,
as described in Scheme 1. o,w-Dichloro substitution reactions
were carried out with poly(ethylene glycol) (average molecular
weight 100, 300, and 600) and SOCI,. The procedure was based
on the earlier published work of Johansson et al. [25]. The o, ®-
dichloro-PEO oligomers (average EO units of 2, 6, 13) were
then reacted with an excess of 1-butylimidazole at 80 °C for 3
days to obtain PEO,,BIm-Cl with a yield of 90%. The chlo-
ride anions of PEO,,BIm-CI were replaced by iodide anions
via an ion-exchange reaction with sodium iodide in ultra-low
water acetonitrile (water contents: 10 ppm) at 40 °C for 12h to
obtain PEO,,BIm-I. The reaction mixture was filtered through
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a Celite® 545 layer to remove sodium salts and then poured
into dehydrated diethylether. The resulting viscous precipitate
was collected and then dried in vacuum at 80°C for 2 days.
The structures of these PEO derivatives were confirmed by 'H
NMR spectroscopy, i.e., PEO2BIm-I: yield 96%, T, —51°C,
T4 240°C, 'H NMR (DMSO-dq, 8) 0.883 (t, 6H, J=7.3Hz,
CH3-butyl), 1.202-1.264 (m, 4H, CH>-butyl), 1.733-1.782 (m,
4H, CH;-butyl), 3.520 (s, 4H, OCH,CH,0), 3.742 (t, 4H,
J=4.8Hz, NCH;—-CH»-0), 4.190 (t, 4H, J=7.2Hz, NCH>-
butyl), 4.332 (t, 4H, J=4.8 Hz, NCH,—CH,-0), 7.740-7.810
(d, 4H, Imz-C(4,5)H), 9.168 (s, 2H, Imz-C(2)H). PEOgBIm-
I: yield 89%, T, —51°C, Ty 230°C, 'H NMR (DMSO-dg,
8) 0.886 (t, 6H, J=7.2Hz, CH3-butyl), 1.233-1.423 (m, 4H,
CH»-butyl), 1.815-1.967 (m, 4H, CH;-butyl), 3.556 (s, 4H,
OCH,CH»0), 3.813 (t, 4H, J=4.4Hz, NCH,-CH»-0), 4.210
(t, 4H, J=7.2Hz, NCH;,-butyl), 4.352 (t, 4H, J=4.4Hz,
NCH,-CH,-0), 7.750-7.840 (d, 4H, Imz-C(4,5)H), 9.188 (s,
2H, Imz-C(2)H). PEO3BIm-I: yield 80%, T, —49°C, Ty
239°C, 'H NMR (CDCls, §8) 0.892 (t, 6H, J=7.4Hz, CH3-
butyl), 1.266-1.461 (m, 4H, CH>-butyl), 1.813-1.965 (m, 4H,
CH»-butyl), 3.605 (s,4H, OCH,CH>0),3.920 (t,4H, J=4.4 Hz,
NCH,-CH;,-0), 4.245 (t, 4H, J=7.2 Hz, NCH;-butyl), 4.405
(t, 4H, J=4.2Hz, NCH,—-CH»-0), 7.755-7.846 (d, 4H, Imz-
C(4,5)H), 9.748 (s, 2H, Imz-C(2)H).

2.2. Preparation of electrolytes

The reference liquid electrolyte was composed of 0.6 M
1-hexyl-2,3-dimethylimidazolium iodide, 0.1M lithium
iodide (Lil), 0.05M iodide (I,), and 0.5M tBP in 3-
methoxypropionitrile (MPN). In order to investigate the
photocurrent density—voltage (J/-V) characteristics of the
PEO,,,BIm-I with different EO units as the iodide source, three
types of PEO,,BIm-I-based liquid electrolytes (PEO,,BIm-
I/MPN, volume ratio=1:1) were prepared. The liquid
electrolytes were: 0.25M I, in PEO;BIm-I/MPN, 0.15M I,
in PEOgBIm-I/MPN, and 0.15M I in PEO3BIm-I/MPN. An
amount (5wt.%) of hydrophilic fumed silica nanoparticles
(Aerosil 300, 7 nm primary particle size, Degussa) was mixed
by means of a bead shaker (MS1 Minishaker, IKA with zirconia
bead) in the PEOj3BIm-I-based liquid electrolytes to form
thixotropic gel electrolytes.

2.3. Preparation of electrodes and cell assembly

The nanocrystalline TiO, electrode was fabricated by
depositing TiO; colloidal paste (Ti-Nanoxide D, Solaronix
SA) on fluorine-doped SnO; conducting glass (FTO, TEC 8,
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Scheme 1.
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sheet resistance of 8—10 Q2 cm™2, Pilkington) using a simple
doctor-blade technique. The layer was dried in the air at room
temperature for 30 min and sintered at 500 °C for 30 min to
obtain a mesoporous TiO; film that had a thickness of about
11 wm. After being sintered, the TiO, electrodes were cooled
down to 80 °C and dye-coated by immersing them into a 0.4 mM
solution of an amphiphilic dye (Ruthenium 535-bisTBA, Sola-
ronix SA as referred to N-719) in absolute ethanol at room
temperature for 20 h. The dye coating was done immediately
after high temperature annealing in order to avoid rehydration of
the TiO, surface or capillary condensation of water vapour from
ambient air inside the mesopores of the film. The dye-anchored
electrode was then rinsed with ultra-low water acetonitrile and
dried in a stream of argon. The Pt counter electrodes were pre-
pared by coating H,PtClg solution (7 mM in isopropyl alcohol)
on to the FTO and then sintering at 450 °C for 15 min. The elec-
trodes were separated by a 25 wm-thick thermoplast hot-melt
sealing film (SX1170-25, Solaronix SA) as a spacer and sealed
by heat. The liquid or thixotropic gel electrolyte was introduced
into the interelectrode space from the Pt counter electrode side
through a pre-drilled hole. The hole was sealed with a micro-
scope cover slide using SX1170 hot-melt to avoid leakage of the
electrolyte.

2.4. Instruments and measurement

'"H NMR spectra of the PEO,,BIm-I salts were taken on
a Varian INOVA 600 (600 MHz) FT-NMR using tetramethyl-
silane as an internal standard. IR spectra were recorded on
a Perkin-Elmer Spectrum GX1 ATR FT-IR spectrophotome-
ter. Thermal analysis was carried by differential scanning
calorimetry (DSC) Q100 with a refrigerated cooling sys-
tem and a 2950HR AutoTGA instrument (TA Instruments)
at a heating rate of 10°Cmin~' under a nitrogen atmo-
sphere. Thixotropic behaviour or shear measurements were
performed on a programmable cone/plate-type viscometer (spin-
dle CPE-41, HBDV-II+, Brookfield Engineering Lab.) using a
thermostated water bath. An electronic gap setting system was

-—
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also used for all measurements. Cell performance was evalu-
ated using an AM 1.5 solar simulator (Oriel 91193 with a | kW
ozone-free Xenon source as an irradiation source). The active
area of the TiO» electrode was 0.150 cm? and the incident light
intensity was adjusted with a NREL-calibrated Si solar cell (PV
Measurements Inc.) for 1 SUN (100 mW cm’z) intensity. The
J-V curves were measured at AM 1.5 illumination using a Keith-
ley Model 2400 unit. Each value for cell performance was taken
as the average of 10 samples.

3. Results and Discussion
3.1. Formation of PEO,,BIm-I-based gel

The hydrophilic fumed silica nanoparticles (Aerosil 300)
were added as a gelating agent at Swt.% to solidify the
PEO,,BIm-I/MPN (1:1 v/v) solutions. Among the various mix-
tures of PEO,,BIm-I/MPN and hydrophilic silica nanoparticles,
the gelation was only detected for the PEO|3BIm-I, as shown
in Fig. 1. In particular, the PEO;3BIm-I-based silica com-
posite electrolyte clearly exhibits gel formation, as shown in
Fig. 1(e). The composite electrolyte goes into a gel-state by
adding Aerosil 300 nanoparticles to the PEO3BIm-I-based lig-
uid electrolyte at more than 4 wt.%. However, no gelation is
observed in the mixture of PEO;3BIm-I and hydrophobic fumed
silica nanoparticles (Aerosil R812, after treated with hexam-
ethyldisiloxane based on Aerosil 300, Degussa) even though the
weight portions of Aerosil R812 nanoparticles are 5-10 wt.%,
as shown in Fig. 1(d). These results suggest that temporary
three-dimensional hydrogen bonds between the silanol groups
on the surface of hydrophilic silica nanoparticles and the PEO
chain in PEO3BIm-I are produced to form the gel-state, thereby
preventing the flow of the resulting mixture. To understand
the mechanism of the gelation, the FT-IR spectra of a mix-
ture of PEO13BIm-I/MPN and Aerosil 300 nanoparticles were
compared with those of a mixture of PEO13BIm-I/MPN and
Aerosil R812 nanoparticles, as shown in Fig. 2. In the Aerosil
300 nanoparticles mixed with a PEO13BIm-I/MPN solution, the
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Fig. 1. Photographs of the mixtures of PEO,,BIm-I/MPN (1:1 v/v) and silica nanoparticles (5 wt.%) in a bottle by turning upside down. (a) PEO, BIm-I/MPN/Aerosil
300, (b) PEOgBIm-I/MPN/Aerosil 300, (c) PEO3BIm-I/MPN/Aerosil 300, (d) PEO;3BIm-I/MPN/Aerosil R812 and (e) thixotropic gel electrolyte (0.15M I, in

mixture (¢)).
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Fig. 2. FT-IR spectra of PEO;3BIm-I/MPN-based gel. (a) Aerosil 300, (b)
PEO;3BIm-1, (c) PEO;3BIm-I/MPN/Aerosil 300 (5 wt.%) and (d) PEO;3BIm-
I/MPN/Aerosil R812 (5 wt.%).

broad vibration bands appear at 3578 and 3454 cm ™!, indicating
obvious interaction of the PEO chain in PEO;3BIm-I with silanol
groups. By contrast, no appreciable change in the FT-IR spec-
trum of the PEO 3 BIm-I/MPN/Aerosil R812 systemis observed.
Therefore, the gelation originates from hydrogen bonds between
the silanol groups of Aerosil 300 nanoparticles and the polyether
chain in PEO3BIm-I.

3.2. Thixotropic behaviours

The thixotropic loop of the PEO;3BIm-I/MPN/Aerosil 300
system in Fig. 3(a) shows an upward line (filled circle) and a
downward line (open circle) depending on an increase and a
decrease in the shear rate, respectively. The shear rate in Fig. 3(a)
increases from 0.27 to 2.69s~! within 20s and remains at a
constant value of 2.69s~! for 5's, and then decreases from 2.69
to 0.27s~! within 40s. The evolution of viscosity as a func-
tion of shear rate results from the hysteresis loop. The presence
of a hysteresis area in Fig. 3(a) indicates that the PEO;3BIm-
I/MPN/Aerosil 300 system exhibits time-dependent rheological
behaviour, i.e., thixotropy. The shear stress curve confirms shear
thinning behaviour since the shear stress decreases at a con-
stant rate, as shown in Fig. 3(b). This thixotropic behaviour
of the PEO;3BIm-I-based gel electrolyte is maintained over
many weeks in the same sample bottle after taking away aliquot
portions many times. By changing the gel to the sol state, the
PEO;3BIm-I-based thixotropic gel electrolyte can readily pen-
etrate into the TiO, mesopores, resulting in better interfacial
contact.

3.3. Photovoltaic properties of quasi-solid-state DSSCs

Typical J-V characteristics for cells with the PEO,,BIm-I-
based liquid electrolytes having different EO units without using
tBP at 1 SUN intensity are presented in Table 1. By increasing
the PEO length of the PEO,,BIm-I, the V. values are signifi-
cantly improved when the PEO,,BIm-I-based liquid electrolyte
is injected into the dye-anchored TiO,, since the longer PEO
chain can be easily adsorbed on to the surface of TiO;. This
finding is consistent with the hypothesis reported by Komiya et

450
400
350 -
300
250

(@)

200+
150 +

Viscosity (Pa.s)

\S\hear increase

50 Shear decrease

0 T T T T T T T
00 03 06 09 12 15 18 21 24 27

Shear Rate (sec™)

100

140

] (b)
120

100
80

60

Shear Stress (Pa)

40

20

0 200 400 600 800 1000 1200
Time (sec)

Fig. 3. (a) Hysteresis loop and (b) shear stress as function of time for mixture,
PEO;3BIm-I/MPN/Aerosil 300 (5 wt.%) at constant shear rate of 2.69s~! for
20 min by a Brookfield HBDV-II+ cone/plate viscometer at 25 +0.1 °C.

al. [26]. The decrease in V. is known to be caused by a back
electron transfer reaction in which I3~ is reduced to I~ by taking
an electron from the TiO, conduction band. The PEO;3BIm-I
adsorbed on the TiO; surface suppresses the back electron trans-
fer from the TiO, to the I3~ in the electrolyte, thereby causing
a higher value of V.

The photovoltaic performance of a quasi-solid-state DSSC
with a PEO3BIm-I-based thixotropic gel electrolyte at differ-
ent light intensities is given in Fig. 4 and listed in Table 2. By
increasing the light intensity of simulated AM 1.5 solar irradi-
ation, the values of V., short-circuit current density (Jg.) and
conversion efficiency () are increased. The V. increases with
light intensity, while the value of fill factor (FF) deceases due
to ohmic losses in the conducting glass. In the case of low light

Table 1
Comparison of J-V characteristics for DSSC with PEO,,BIm-I-based liquid
electrolytes (PEO,, BIm-I/MPN, volume ratio = 1:1) without using tBP

Todide Todine Voc Jse FF n (%)
source concentration (M) (mV) (mA cm™—2)

PEO;BIm-I 0.25 617 11.23 0.67 4.63
PEOgBIm-I 0.15 683 12.10 0.66 5.46
PEO;3BIm-I  0.15 730 11.61 0.66  5.60
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Fig. 4. Photocurrent density—voltage curves of DSSCs with PEO|3BIm-I-based
thixotropic gel electrolyte: measured at different light intensities; TiO, layer
thickness of 11 pwm.

intensity, the small amount of the excited state of the dye in the
working electrode causes a low value of J., whereas the small
amount of oxidized dye and iodide in the system give rise to a
low concentration of triiodide and results in a low value of V..
With increase in light intensity, the amount of excited state of dye
increases and thereby the increases the V. and the Jy, respec-
tively. Interestingly, the conversion efficiency is not reduced at
an irradiation of 1 SUN. This suggests that the transport ability
of iodide or triiodide ions in the thixotropic gel electrolyte is not
limited to a high light intensity.

The Jg values of the thixotropic gel electrolyte increase lin-
early with light intensity up to 1 SUN, as shown in Fig. 5. This
linearity indicates that the photocurrent is not limited by diffu-
sion of iodide or triiodide ions within the TiO, electrode. To
compare the thixotropic gel electrolyte performance with the
reference liquid electrolyte in DSSC systems, the J-V charac-
teristics were measured, the results are presented in Fig. 6. A
quasi-solid-state DSSC using a PEO13BIm-I-based thixotropic
gel electrolyte (shown in Fig. 1(e)) exhibits a conversion effi-
ciency of 5.25% without using tBP. A quasi-solid cell with a
PEO;3BIm-I-based thixotropic gel electrolyte has a comparable
Voc value to that of the reference liquid electrolyte containing
tBP. The low J,. value of PEO3BIm-I-based electrolyte is con-
sidered to be due to the retarded mobility of triiodide ions in
the redox media. The long-term stability of the quasi-solid-state
DSSCs using a PEO3BIm-I-based thixotropic gel electrolyte is
also maintained without extra sealing for over 6 months. The

Table 2
Parameters of photovoltaic performance of quasi-solid-state DSSC with
PEO;3BIm-I-based thixotropic gel electrolyte at different light intensities

Light intensity (mWcm™2) Voo mV)  Je (mAcm~2)  FF 1 (%)

100 733 10.71 0.67 525
67.8 713 7.44 0.69  3.67
55.1 707 6.05 0.70  2.98
422 699 4.61 0.70  2.27
19.6 668 2.28 0.70  1.06
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Fig. 5. Effect of light intensity on short-circuit current density of DSSCs with
a reference liquid electrolyte (filled circle) and PEO;3BIm-I-based thixotropic
gel electrolyte (open circle). The lines are extrapolated from Jy. data.
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Fig. 6. Photocurrent density—voltage curves of DSSCs with a reference lig-
uid electrolyte (filled circle: Voo =736 mV; Joc =15.45mA cm~2; FEF=0.61;
7=6.95%) and PEO;3BIm-I-based thixotropic gel electrolyte (open circle:
Voe =733 mV; Joe =10.71 mA cm=2; FE=0.67; n=5.25%): measured at AM
1.5 illumination (100 mW cm~2); TiO, layer thickness of 11 wm.

cells were left on a laboratory shelf at room temperature and the
conversion efficiency was found to be 94% of the original values
after 6 months.

4. Conclusions

A novel thixotropic gel electrolyte employing a new type of
ionic liquid, i.e., PEO-based bis-imidazolium diiodide salt, and
hydrophilic silica nanoparticles is found to have many advan-
tages in terms of its application in quasi-solid-state DSSCs.
Upon incorporating the PEO units in a novel dicationic bis-
imidazolium diiodide, thixotropic behaviour is clearly observed
and the V. of the composite electrolyte can be improved signif-
icantly without using any electron scavenger. A DSSC with the
PEO;3BIm-I-based thixotropic gel electrolyte yields good pho-
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tovoltaic performance with Vo, =733 mV, Jic =10.71 mA cm~2,
The FF is 0.67 and the 71 is 5.25% under AM 1.5 illumina-
tion (100 mW cm~2). These kinds of thixotropic gel electrolytes
should be useful for assembling DSSCs without leakage and
providing efficient photovoltaic output with long-term stability.
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