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The success of the dye-sensitized photoelectrochemical cell
developed by Griitzel and co-workers' helped to reinvigorate
the search for alternatives to traditional semiconductor photo-
voltaics in the early 1990s. Although the dye-sensitized solar
cell achieved over 11% power conversion efficiency under AM
1.5G,” however, the less operational stability of device such as
the leakage of liquid electrolyte was often limited for commer-
cialization.” The enormous efforts for the non-volatile electro-
lytes such as solvent-free ionic liquids (ILs) and the quasi-solid-
state electrolytes with polymer and gelators such as organic
and inorganic materials have focused on improving the device
performances and stabilities through developments of efficient
materials to overcome this problemf"6 Among them, solvent-free
IL electrolytes has been extensively demonstrated with attrac-
tive advantages regarding thermal stability, non-flammability,
and highly ionic conductivity to realizing commercial produc-
tion as well as to realizing flexible device, in which molecular
solvent may be strongly imposed restriction due to their per-
meability into plastic substrate.””

Recently, the respectable efficiency of over 5% was obtain-
ed from the photovoltaic cell composed with the amphiphilic
ruthenium dye, cis-RuLL'(SCN), (L = 4,4'-dicarboxylic acid-
2,2'-bipyridine, L' = 4,4'-dinonyl-2,2'-bypyridine) (Z907), and
1-methyl-3-propylimidazolium iodide (PMI-I).* And an out-
standing achievement has been reported by Grétzel et al. with
providing a promising efficiency of over 8% by using eutectic
melt-based IL electrolytes.” And an incorporating of some addi-
tives in solvent-free IL electrolytes has exhibited the enhanced
performance of device. In this perspective, we have also attempt-
ed new approaches to improve the ion transporting properties
in solvent-free IL electrolytes by conjugated polymer additive.
We herein, report the effects of polyaniline (PANI) additive in
solvent-free IL electrolyte for dye-sensitized solar cell.

Recently, PANI doped by acid or base has been investigated
as alternatives of inorganic electrodes due to its flexible, solu-
tion processible, and high conductive metallic properties.'’ Al-
though the conducting PANI has been also employed as electro-
lyte in the solid-state dye-sensitized solar cell,'"™" the large

"This paper is dedicated to Professor Hasuck Kim for his outstanding
contribution to electrochemistry and analytical chemistry.

molecular size and poor solubility in solvent have limited the
success of this approach. Moreover, high conductivity of the
doped PANI can be exhibited in high molecular weight, which
makes it difficult to infiltrate into the porous TiO> film. There-
fore, highly conducting PANI may not be efficiently applied as
solid-state electrolyte for dye-sensitized solar cell.

In this report, we describe the unique effects of PANI addi-
tive in solvent-free IL electrolyte system in dye-sensitized solar
cell. The low molecular weight (~10,000) of PANI was used
to facilitate the infiltration into porous TiO, film and the non-
conducting undoped emeraldine base (EB) structure of PANI
was also employed to induce the self-assembled nanostructure
by n-m interaction with imidazolium-based IL which can exhibit
quasi-solid state with the enhanced structural rigidity of PANI
in solvent-free IL electrolyte shown in Figure 1.

According to our recent results about the physical and electro-
chemical properties of PANI/IL composite, the quasi-solidifi-
cation was presented in imidazolium-based IL (PMI-I) contain-
ing above 30 wt % of PANI EB, which exhibited around 80%
decrease of conductivity compared to pristine PMI-L." Based
on this preliminary results, we investigated the effects of poly-
aniline as unique additive in two binary electrolytes (Electrolyte
A/Electrolyte B) without/with N-methylbenzimidazole (NMB)
containing PMI-I and 1-ethyl-3-methylimidazolium dicyan-

ﬁlass

Figure 1. Schematic depiction of structural rigidity of PANI in solvent-
free IL electrolyte for dye-sensitized solar cell.
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Figure 2. SEM images of cross-section of TiO; film without (a)/with
(b) solvent-free ionic liquid electrolyte containing 20 wt % PANI.

amide (EMI-DCA) (65/35 v/v) for Z907 dye-sensitized solar
cell, which conditions exhibited the moderate photovoltaic per-
formances in previous reports.

Figure 2 shows the scanning electron microscope (SEM)
images of cross-section of TiO; film which was used in this
study. The TiO; layer (~10 pm) was composed of the nano-
crytalline TiO; layer (4 um) and scattering TiO, layer (6 um).
Although the distinct features of TiO, nanoparticle and layer
were observed in Figure 2a, the film after treatment with electro-
lyte of 20 wt % PANI presents the typical cross-sectional image
of TiO, film, which can not show the feature of TiO, nano-
particle and layer, containing electrolyte shown in Figure 2b.
This indicates that the electrolyte containing PANI additive
which was quasi-solidified can infiltrate into the nanoporous
TiO; film due to the rather small molecular size by low mole-
cular weight of PANI. Therefore, we note that this PANI can
be employed as additive in solvent-free IL electrolyte for dye-
sensitized solar cell.

Figure 3 shows the features of binary electrolyte with PANI
additive. The quasi-solidification was observed in the binary
electrolyte A and B with above 30 wt % and 20 wt % of PANI
additive respectively. As shown in Figure 3a, the more addi-
tion of PANI, the stickier of the solvent-free IL electrolyte. And
the quasi-solid of the electrolyte with PANI additive was also
shown in Figure 3b. The surface of this quasi-solid seems to be
the flower-like nanosheet from SEM image of Figure 3c. From
these results, we note that PANI additive can induce the self-
assembled nanostructure by 7-m interaction with imidazolium-
based IL which can exhibit quasi-solid state with the enhanced
structural rigidity of PANI in solvent-free IL electrolyte.

We investigated the characteristics of sandwich-type dye-
sensitized solar cells based on TiO, nanocrystalline and scatter-
ing layer, Z907 dye, Pt counter electrode, and solvent-free binary
IL electrolyte with/without PANI additive. And the current-
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Figure 3. Photograph of binary electrolyte without/with PANI addi-
tive (a) and photograph (b) and SEM image (c) of quasi-solidified
electrolyte with 20 wt % PANI.
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Figure 4. Current-voltage curves of sandwich-type dye-sensitized
solar cells fabricated by solvent-free ionic liquid electrolyte A (a)
and electrolyte B (b) with/without PANI additive.
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voltage curves of these devices are showed in Figure 4. Also,
the output characteristics of devices are summarized in Table 1.
As shown in Figure 4 and Table 1, the reference device with
electrolyte A without PANI additive exhibited the moderate
performance; 8.78 mA/cm’ of short circuit current (Jsc), 0.61V
of open circuit voltage (Voc), 68.3% of the fill factor (FF) and
3.68% of an efficiency, but electrolyte B in which the NMB
was added reduce the Jsc and Voc and increase a little of FF.
In many cases, it has been reported that the small molecule
additives such as NMB and #-butylpyridine (TBP) can play a
role of improving the Voc by inducement of the conduction band
of'the TiO; electrode more negatively. But we observed that the
NMB in this solvent-free binary IL electrolyte system affected
adversely the photovoltaic performances. The photovoltaic per-
formance of device fabricated by electrolyte A with 5 wt % PANI
was reduced around 24% compared to that without PANI; 5.71
mA/cm’ of Jsc, 0.58 V of Voc, 65.7% of FF and 2.81% of effi-
ciency. On the contrary, the photovoltaic performance of device
fabricated by electrolyte B with 5 wt % PANI was increased
around 90% compared to that without PANI; 6.20 mA/cm” of
Jsc, 0.63 'V of Voc, 71.6% of FF and 2.77% of efficiency. From
these results, we guess that the PANI additive may interrupt
the adsorption of NMB on TiO; surface by n-w interaction of
the NMB and PANI in electrolyte B. It can be understood by
that the quasi-solidification of electrolyte B was observed in
lower concentration of PANI than that of electrolyte A. This
notes that the addition of PANI can remove the negative in-
fluence of solvent-free binary electrolyte by NMB. In addition
of above 10 wt % PANI, all devices fabricated by electrolyte A
or electrolyte B exhibited the remarkably reduced performances.
These can be caused by low ion-transport in solvent-free IL
electrolyte since the viscosity of electrolyte is rapidly increased
with quasi-solidifying in higher concentration of PANI.

Table 1. Photovoltaic performances of sandwich-type dye-sensitized
solar cells fabricated by solvent-free ionic liquid electrolytes with/
without PANT additive”

Additive mﬁfmz) E’\g; (F/ﬁ; Efﬁ&e)ncy
Electrolyte A 8.78 0.61 68.3 3.68
Electrolyte B 3.39 0.57 74.7 1.44
Hleawolye & 571 08 65.7 281
Klectolye® 620 063 71.6 277
Féexittr g/iylgiﬁi 3.71 0.54 61.6 1.23
F 36@? %EZ%I 3.74 0.54 54.6 1.09
Fsle\ittr g/iyﬁiﬁi 1.52 0.34 30.0 0.15
1Eslevi? %Zﬁi 1.84 0.40 39.5 0.31

“Electrolyte A was composed of of 0.2 M iodine in PMI-EMD-DCA
(65/35), and electrolyte B was composed of 0.2 M iodine, 0.5 M NMB in
PMI-I:EMD-DCA (65/35). The performances are determined under simul-
ated 100 mW/cm” AM 1.5 G illumination. The light intensity using calib-
rated standard silicon solar cells with a proactive window made from KGS5
filter glass traced to the National Renewable Energy Laboratory (NREL).
The active area of device is 0.185 cm”.
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Electrochemical impedance spectroscopy (EIS) is an impor-
tant tool to elucidate the kinetics of interfacial electron transfer
processes in DSSCs. In the Nyquist plot, the first semicircle
can be attributed to the electrochemical reaction resistance at
the Pt counter electrode in the high-frequency region. The middle
arc indicate the charge transfer resistance at the TiO,/electrolyte
interface in the mid-frequency region while the third one re-
lated to the diffusion of ions in electrolyte.'*" The diameter of
the middle semicircle defines the charge transfer resistance
related with the back reaction transfer of electron to the oxidized
form (Iy') of redox messenger in the electrolyte.'® A higher back
reaction rate, correspond to the decrease of open circuit voltage,
could be expected when the charge transfer resistance is small-
er.”” Figure 5 shows the impedance spectra of devices fabri-
cated by electrolyte A and electrolyte B without/with 5 wt %
PANI under light illumination. In the Nyquist plot, the resis-
tances at TiOy/electrolyte interface for the electrolytes without
PANI is quite low. They also show higher diffusion of ions. But
the devices fabricated by electrolyte B exhibited larger middle
circle of impedance spectrum than that by electrolyte A. The
dark current of devices fabricated by electrolyte B is lower than
by electrolyte A as shown Figure 4. But, the lower values of
photocurrent and voltage were observed in the devices fabri-
cated by electrolyte B under light illumination compared to
that by electrolyte A. From these results, the NMB additive in
solvent-free IL electrolyte can makes the interfacial resistance
of TiO»/electrolyte, but influence the Fermi level of TiO, by
adsorbing of NMB on TiO; surface, resulting in exhibition of
lower photovoltaic performances. The lower performance of
device fabricated by electrolyte A with PANI additive could be
caused by the similar effects with NMB additive through impe-
dance spectra and I-V curves of Figure 5 and 4 respectively.
On the other hands, the PANI additive in electrolyte B can be
competitive with the NMB additive by interrupting the adsorp-
tion of NMB on TiO; surface by n-n interaction of the NMB
and PANI, resulting in recovery of photovoltaic performance
lowered by NMB. Besides, the interfacial resistances become
larger after adding PANI into the electrolytes. It can be attri-
buted to the significant decrease of ion diffusion rate and the
formation of blocking layers at TiO»/electrolyte interface due
to - interaction with imidazolium-based IL. It is consistent
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Figure 5. Impedance spectra of sandwich-type dye-sensitized solar
cells fabricated by electrolyte A and electrolyte B without/with 5 wt %
PANI under 1 sun illumination.
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with the impedance spectra of the electrolytes with PANI show-
ing higher diameter for middle-semicircle with the third semi-
circle almost disappeared. In higher concentration of above
10 wt % PANI additive showed the similar performances in
both electrolyte A and B. These may caused by that the markedly
enhanced viscosity of electrolytes with PANI, which can affect
the ion diffusion rate and dye regeneration negatively.

In summary, we have demonstrated the unique effects of
PANI additive in solvent-free IL electrolyte system in dye-sen-
sitized solar cell, which was investigated in two binary electro-
lytes (Electrolyte A/Electrolyte B) without/with N-methyl-
benzimidazole (NMB) containing PMI-I and 1-ethyl-3-methyl-
imidazolium dicyanamide (EMI-DCA) (65/35 v/v) for Z907
dye-sensitized solar cell. The quasi-solidification was observ-
ed in the binary electrolyte A and B with above 30 wt % and
20 wt % of PANI additive respectively, resulting in the self-
assembled nanostructure by n-w interaction with imidazolium-
based IL. Although these results were obtained under not opti-
mized device condition, the results note that the PANI has
affected the feature of electrolyte in photovoltaic performance
competitively with NMB additive. The further study using PANI
additive in solvent-free ionic liquid electrolyte for dye-sensi-
tized solar cell is in progress.

Experimental Section

Ionic liquids (PMI-I and EMI-DCA) used in this study are
commercially available. And PANI was obtained from Elpani
Co., Ltd.; Mn (7,448), Mw (12,426), PDI (1.67), L.V. (0.22),
and conductivity (12 S/cm). It shows the good solubility in
1-N-methyl-2-pyrrolidinone (NMP) or tetrahydrofuran (THF).
FTO glass plates (Pilkington TEC Glass-TEC 8, Solar 2.3 mm
thickness) were cleaned in a detergent solution using an ultra-
sonic bath for 30 min, rinsed with water and ethanol. The FTO
glass plates were immersed in 40 mM TiCly (aqueous) at 70 °C
for 30 min and washed with water and ethanol. A transparent
nanocrystalline layer on the FTO glass plate was prepared by
doctor blade printing TiO; paste (Solaronix, Ti-Nanoxide T/SP)
and then dried for 2 h at 25 °C. The TiO; electrodes were gra-
dually heated under an air flow at 325 °C for 5 min, at 375 °C
for 5 min, at 450 °C for 15 min, and at 500 °C for 15 min .The
thickness of the transparent layer was measured by using an
Alpha-step 250 surface profilometer (Tencor Instruments, San
Jose, CA), a paste for the scattering layer containing 400 nm
sized anatase particles (CCIC, PST-400C) was deposited by
doctor blade printing and then dried for 2 h at 25 °C. The TiO,
electrodes were gradually heated under an air flow at 325 °C
for 5 min, at 375 °C for 5 min, at 450 °C for 15 min, and at 500 °C
for 15 min. The resulting layer was composed of 6 um thick-
ness of transparent layer and 4 um thickness of scattering layer.
The TiO; electrodes were treated again by TiCly at 70 °C for
30 min and sintered at 500 °C for 30 min. The TiO> electrodes
were immersed into the Z907 (0.3 mM in ethanol) and kept at
room temperature for 12 h. The FTO plate (Pilkington TEC
Glass-TEC 8, Solar 2.3 mm thickness) for counter electrodes
cleaned with ultrasonic bath in H,O, acetone and 0.1 M HCI
aq., subsequently. Counter electrodes were prepared by coating
with a drop of HoPtCls solution (2 mg of Pt in 1 mL of ethanol) on
a FTO plate and heating at 400 °C for 15 min. The dye adsorbed

Notes

TiO; electrode and Pt-counter electrode were assembled into
a clipped sandwich-type cell with an ionomer film (Surlyn SX
1170-25, Solaronix) as a spacer between the electrodes. A drop
of electrolyte solutions (electrolyte A of 0.2 M iodine in PMI-I:
EMD-DCA (65/35), electrolyte B of 0.2 M iodine, 0.5 M NMB
in PMI-I:EMD-DCA (65/35)) with/without PANI additive was
placed between the electrodes of the assembled cell. The per-
formance of the cells was examined. Their current density —
voltage (J— V) curves were measured at 1 sun (100 mW per e’
AM 1.5) using a Keithley Model 2400 and a 1000 W Xenon
lamp (91193, Oriel). Then we calibrated the light intensity using
calibrated standard silicon solar cells with a proactive window
made from KGS5 filter glass traced to the National Renewable
Energy Laboratory (NREL). The active area of the cells was
about 0.185 cm’.
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