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Abstract A novel type of random copolymer comprised of a
polymerized ionic liquid, poly(1-((4-ethenylphenyl)methyl)-
3-butyl-imidazolium iodide) (PEBII), and amorphous rubbery
poly(oxyethylene methacrylate) (POEM) was synthesized and
employed as a solid electrolyte in an I,-free dye-sensitized
solar cell (DSSC). The copolymer electrolytes deeply infiltrat-
ed into the nanopores of mesoporous TiO2 films, resulting in
improved interfacial contact of electrode/electrolyte. The glass
transition temperature (7,) of the PEBII-POEM (23 °C) was
lower than that of PEBII homopolymer (=4 °C), indicating
greater chain flexibility in the former. However, the DSSC
efficiency of PEBII-POEM (4.5 % at 100 mW/cm?) was
lower than that of PEBII (5.9 %), indicating that ion
concentration is more important than chain flexibility.
Interestingly, upon the introduction of ionic liquid, i.e., 1-
methyl-3 propylimidazolium iodide, the efficiency of PEBII
remained almost constant (5.8 %), whereas that of PEBII-
POEM was significantly improved up to 7.0 % due to in-
creased I ion concentration, which is one of the highest
values for I,-free DSSCs.

Keywords Dye-sensitized solar cell (DSSC) - Polymerized
ionic liquid - TiO2 - Iodine-free - Polymer electrolyte
Introduction

Dye-sensitized solar cells (DSSCs), introduced by Gratzel in
1991, are one of the most promising photovoltaic technologies
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due to their high energy conversion efficiency (~11 %) and
low cost [1]. The performance of DSSCs is strongly influ-
enced by the dye, nanocrystalline TiO, layer, counterelec-
trode, transparent conducting oxide, substrate, or electrolyte
[2—4]. DSSCs using liquid electrolyte as a I /I3 redox couple
have shown a high energy conversion efficiency close to 11 %
at AM1.5. However, liquid electrolyte-based DSSCs suffer
from potential problems such as solvent evaporation, electro-
lyte leakage, and instability at high temperatures. Thus, solid-
state or quasi-solid-state DSSCs have been investigated to
replace conventional liquid electrolytes [5—8].

The presence of I, in the cell often leads to deterio-
ration of durability and photocurrent, which is caused
by the sublimation of I, and its incident light absorp-
tion. Furthermore, I, can play a role as an oxidizing agent to
corrode novel metals such as grid metal Ag and Pt on the
counterelectrode. These findings have sparked research in I»-
free solid-state DSSCs (ssDSSCs) using a conducting polymer
or a polymerized ionic liquid [9-17]. Our group recently
reported I,-free ssDSSCs based on a solid-state polymerized
conducting polymer, i.e., poly(2,5-dibromo-3,4-ethylenediox-
ythiophene) [18], or a polymerized ionic liquid, i.e., poly((1-
(4-ethenylphenyl)methyl)-3-butyl-imidazolium iodide)
(PEBII) [19], that can sufficiently penetrate the TiO, nano-
pores. These ssDSSCs exhibited cell efficiencies of 5.4 and
5.9 %, respectively.

Poly(ethylene oxide) (PEO) has long been a favorable
candidate as a host polymer to dissolve various metal salts
and ionic liquid. However, the ionic conductivity of PEO-
based electrolytes is often limited due to crystalline forma-
tion. Poly(oxyethylene methacrylate) (POEM) is a represen-
tative amorphous PEO which has high ionic conductivity
but poor mechanical properties. Thus, we describe here a
new type of copolymer consisting of PEBII containing
iodine ions and amorphous rubbery POEM having good
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compatibility with the hydrophilic ionic liquids. The materi-
als were characterized using 'H-nuclear magnetic resonance
("H-NMR), Fourier transform-infrared (FT-IR) spectrosco-
py, differential scanning calorimetry (DSC), and ultraviolet
(UV)-visible spectroscopy. The performances of DSSCs
fabricated with PEBII-POEM polymer electrolytes with
and without an ionic liquid, i.e., 1-methyl-3 propylimidazo-
lium iodide (MPII), were reported here. Interfacial proper-
ties between the electrodes and the electrolyte were also
characterized in detail using electrochemical impedance
spectroscopy (EIS) and field emission scanning electron
microscopy (FE-SEM).

Experimental
Materials

Various chemicals including 1-butylimidazole, 4-vinylbenzyl
chloride, lithium iodide (Lil), acetonitirile (CH5CN), ethyl
acetate (EtOAc), poly(oxyethylene methacrylate) (POEM,
poly(ethylene glycol) methyl ether methacrylate, M,=
475 g/mol), 2,2'-azobisisobutyronitrile (AIBN), and 1-methyl-
3 propylimidazolium iodide (MPII) were purchased from
Aldrich and were used as received without further purification.

Synthesis of PEBII-POEM copolymer

First, a monomer, EBII, was synthesized as shown in
Scheme 1, according to our previously reported method
[19]. The two monomers EBII (2 g) and POEM (2 g) were
dissolved in 8 ml of acetonitrile, followed by the addition of
40 ml of AIBN. A tube containing the monomers was
tightly sealed, purged with nitrogen gas, and immersed in
an oil bath at 60 °C for 32 h for complete polymerization.
The resulting solution was precipitated in diethyl ether. The
final product was dried in a vacuum oven overnight.
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Scheme 1 Synthesis of EBII monomer
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Fabrication of DSSCs

DSSCs with an active area of 0.4 cm® were constructed by
drop-casting of electrolyte solution onto the photoelectrode
and covering with the counter electrode, according to a
previously reported procedure [18-21]. In order to prepare
photoelectrodes, conductive F-doped tin oxide (FTO)
glasses were first coated with a 75 wt% solution of titanium
diisopropoxide bis(acetylacetonate) in 2-propanol. After
drying at 50 °C for 30 min, the photoelectrodes were heated
at 450 °C for 30 min, followed by cooling to room temper-
ature for 8 h. A sol-gel solution containing the poly(vinyl
chloride)-g-poly(oxyethylene methacrylate) (PVC-g-
POEM) graft copolymer, titanium(IV) isopropoxide (TTIP),
H,0, and HCI was spin-coated onto the FTO glass and sin-
tered at 450 °C for 30 min [20]. Then commercialized TiO,
paste (Ti-Nanoxide T, Solaronix) was cast onto the organized
mesoporous TiO, thin film-coated FTO glass using a doctor-
blade technique, followed by sintering at 450 °C for 30 min.
The TiO, films were functionalized overnight by the adsorp-
tion of a Ru(dcbpy),(NCS), dye solution (535-bisTBA,
Solaronix). Pt-layered counter electrodes were prepared by
spin-coating a 1 wt% H,PtClg solution in isopropanol onto
the FTO glass and then sintering at 450 °C for 30 min. A
PEBII or PEBII-POEM polymer solution with or without
MPII (2 and 10 wt% in acetonitrile) was directly cast onto
the photoelectrode and then covered with a counter electrode.
The concentration of MPII was fixed at 30 wt% with respect to
the polymer. The cells were placed in a drying oven at 40 °C
for 24 h and then in a vacuum oven at 40 °C for 24 h to ensure
complete solvent evaporation.

Photoelectrochemical performance characteristics includ-
ing the short-circuit current (Jg, mA/cm?), open-circuit volt-
age (Voe, V), fill factor (FF), and overall energy conversion
efficiency (1) were measured using a Keithley Model 2400
and a 1,000 W xenon lamp (Oriel, 91193). The light was
homogeneous up to an 8x8-in.? area, and its intensity was
calibrated with a Si solar cell (Fraunhofer Institute for Solar
Energy System, Mono-Si + KG filter, certificate no. C-
ISE269) to a sunlight intensity of one (100 mW/cm?). This
calibration was confirmed with a NREL-calibrated Si solar
cell (PV Measurements Inc.). The photoelectrochemical per-
formances were calculated using the following equations:

Vmax : Jmax

FF=—"— 1
Voc'Jsc ( )

Voe - Jsc - FF

Vinax * Jmax
n(%):% x 100 = —=—=——x 100 (2)

in in
where J. is the short-circuit current density (milliamperes per
square centimeter), V. is the open-circuit voltage (Volts), P;,
is the incident light power, and J ., (milliamperes per square
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centimeter), and V.« (Volts) are the current density and
voltage in the J~V curve, respectively, at a maximum power
output.

Characterization

"H-NMR measurements were performed with a 600-MHz,
high-resolution NMR spectrometer (AVANCE 600 MHz
FT-NMR, Germany, Bruker). FT-IR spectra were collected
using an Excalibur Series FT-IR (DIGLAB Co.) instrument
between a frequency range of 4,000 and 400 cm ' using
ATR. DSC (2920, TA Instruments, Inc.) was used to char-
acterize the materials at a heating rate of 10 °C/min under a
N, environment. lonic conductivity was measured using a
two-probe method (ZAHNER IM-6 impedance analyzer) in
the frequency range 1 Hz—1 MHz at room temperature. The
conductivity value was calculated from the bulk electrolyte
resistance value found in the complex impedance. UV-visible
spectroscopy was performed with a spectrophotometer
(Shimadzu) in the range of 300 to 800 nm. Morphologies of
the mesoporous TiO, films were observed using a FE-SEM
(SUPRA 55VP, Germany, Carl Zeiss).

Results and discussion

Figure la shows the FT-IR spectra of monomers for the
synthesis of ionic liquid monomer, i.e., EBII from 1-
butylimidazole. The sharp peak near 1,560 cm ™' is attribut-
ed to the C = N stretching vibration of the imidazole ring. A
weak absorption band was also observed at 3,049 cm '
resulting from the C—H aromatic bond and at 1,630 cm™
due to the vinyl group of the ionic liquid. After the ion-
exchange of CI” ions to I ions, the resulting EBII was more
hygroscopic and viscous than the EBIC] monomer.

The copolymerization of EBII and POEM via free radical
reaction is illustrated in Scheme 2. The FT-IR spectra of
pristine EBII, POEM, PEBII, and PEBII-POEM copolymer
are presented in Fig. 1b. Upon polymerization, the weak
absorption band at 1,560 cm ™' was observed due to the C =
N stretching vibration of the imidazole ring from the EBII.
The sharp absorption bands resulting from the stretching
vibration modes of carbonyl (C = O) and ether bonds (C—
0O-C) in PEBII-POEM were observed at 1,725 and
1,096 cm™ !, which were shifted from the 1,717 and
1,101 cm™ ' observed in pristine POEM. These peak shifts
ware attributed to loss of 7 conjugation in the POEM
monomer [22]. The weak absorption band at 1,638 cm '
in POEM, assigned to the C = C stretching mode, complete-
ly disappeared in the PEBII-POEM, indicating successful
copolymerization.

The successful copolymerization of PEBII-POEM has
also been confirmed using "H NMR spectroscopy. The 'H

1

1-butylimidazole

[0

Q

c

CU B

L2 [4-vinylbenzyl chloride

o

2 3049 1560

\ 1630

<<

EBICI
EBII
T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

b
EBII 1101~
1717
e \
8 1638
g /\ /
g | POEM 1006~
1725
_UQ) 1560
<
PEBII-POEM
PEBII
) ) ) ) ) )

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Fig. 1 FT-IR spectra a 1-butylimidazole, 4-vinylbenzyl chloride, 1-
[(4-ethenylphenyl)methyl]-3-butyl-imidazolium chloride (EBICI) and
1-[(4-ethenylphenyl)methyl]-3-butyl-imidazolium iodide (EBII), b
EBII and POEM monomer, PEBII and PEBII-POEM copolymer

NMR spectra for PEBII and PEBII-POEM copolymers are
shown in Fig. 2. The peak around 7.8 ppm is attributed to
the H bonding in the imidazole ring, whereas the strong
peak at 3.3 ppm is from the water adsorbed in the polymer.
Upon graft copolymerization of PEBII with POEM, two
peaks were additionally observed at 3.5 and 3.2 ppm, result-
ing from the ethylene oxide group and methyl group of
POEM side chains. The composition of PEBII-POEM co-
polymer was calculated by comparing integral areas of peak
(a) with peak (b) or (c). As a result, the composition was
determined to be PEBII-POEM = 48:52 wt%, indicating its
equal composition proportions based on mass.

The PEBII homopolymer showed high ionic conductivity
(2.0x107* S/cm at 25 °C) due to well-aligned 7t-t stacking
of the benzene groups, which produces a strong interaction,
and proper chain length of the ionic liquid. Interestingly, the
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Scheme 2 Synthesis of PEBII-POEM copolymer

PEBII-POEM copolymer (2.2x 10" S/cm at 25 °C) showed
an ionic conductivity similar to that of the PEBII homopol-
ymer. It is well-known that the ionic conductivities of poly-
mer electrolytes increase with the concentration of mobile-
free ions and the flexibility of polymer chains [23, 24].
PEBII has a higher ion concentration than PEBII-POEM
copolymer because ions are directly dangling from PEBII
chains. According to the DSC analysis in Fig. 3, however,
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Fig. 2 '"H NMR spectra for PEBII and PEBII-POEM polymers
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Fig. 3 DSC data for PEBII, PEBII/MPII, PEBII-POEM, and PEBII-
POEM/MPII

the glass transition temperature (7,) of PEBII was —4 °C,
which was higher than the T, (=23 °C) of PEBII-POEM due
to the rubbery nature of the POEM chains. Thus, the chain
flexibility of PEBII-POEM copolymer is greater than that of
PEBII homopolymer. As such, a lower ion concentration of
PEBII-POEM could be compensated for by greater chain
flexibility. Thus, the overall ionic conductivities between the
two systems were not significantly different. Upon the in-
troduction of MPII as an ionic liquid, the T,s of PEBII and
PEBII-POEM systems decreased to —25 and —41 °C, re-
spectively, due to plasticization of polymers by MPII.

The UV-visible spectra of PEBII, PEBII/MPII, PEBII-
POEM, and PEBII-POEM/MPII mixtures are shown in
Fig. 4. PEBII exhibited a strong absorption band at
370 nm and a weak shoulder band around 580 nm, attributed
to the 7t-7t* transition in the polymer main chains [25]. Upon
the introduction of MPII, the band at 370 nm was not
significantly changed, indicating negligible effect of MPII
addition on the 7-7t* transition in PEBIIL. The intensity of
the band at 370 nm was reduced in PEBII-POEM
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Fig. 4 UV-vis spectra for (a) PEBIL (b) PEBII/MPIL, (c) PEBII-
POEM, and (d) PEBII-POEM/MPII
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copolymer or PEBII-POEM/MPII due to reduced content of
PEBII. Furthermore, the band at 370 nm was slightly
shifted, indicating some interactions between the ethylene
oxide groups of POEM and the imidazolium groups of
PEBII, consistent with the FT-IR results.

The infiltration of large molecular weight polymer into
the TiO, nanopores directly affects the interfacial contact
between electrolyte and electrodes, which plays a pivotal
role in determining the overall conversion efficiency of
solid-state DSSCs [18-21]. Thus, the surface and cross-
sectional morphologies of mesoporous TiO, layers before
and after electrolyte casting were observed using FE-SEM,
as shown in Figs. 5 and 6. The mesoporous TiO, layer
without electrolyte consisted of small nanoparticles 30—
40 nm in size and large nanoparticles 100-200 nm in size,
which should be the optimum structure for enhancing both
surface area and light scattering. Upon introduction of poly-
mer electrolyte, however, the morphology of the mesopo-
rous TiO, layer was significantly changed. The surface of
the mesoporous TiO, layer became much smoother due to
the interconnection of TiO, nanoparticles resulting from

Fig. 5 Surface FE-SEM images of mesoporous TiO, films a before
and b after casting of PEBII-POEM/MPII electrolyte

TiO,+electrolyte

Fig. 6 Cross-sectional FE-SEM images of mesoporous TiO, films a
before and b after casting of PEBII-POEM/MPII electrolyte

adequate coating by electrolytes. The cross-sectional FE-
SEM image in Fig. 6b reveals that polymer electrolyte was
able to deeply penetrate the nanopores of a 10-pum-thick
mesoporous TiO, film. For better pore filling, the size of
polymer coil should be smaller than the TiO, nanopores
[18-20]. The coil size of a polymer is commonly repre-
sented by the radius of gyration (R,) and calculated by R,
= C (My)"?, where M, (grams per mole) is the molecular
weight of the polymer, and C is a constant depending on the
properties of the solvent. The synthesized polymers showed
M,, of 10,000-20,000 g/mol corresponding to the R, values
of 67 nm, which were smaller than the TiO, pores (10—
20 nm in size). Thus, the polymer electrolytes were able to
deeply infiltrate into the TiO, nanopores, resulting in im-
proved interfacial contact of electrode/electrolyte.

DSSCs were fabricated with four different kinds of poly-
mer electrolytes, i.e., PEBII, PEBII-POEM, PEBII/MPII,
and PEBII-POEM/MPII. The J-V and EIS curves were
measured at 100 mW/cm?, as shown in Figs. 7 and 8. The
DSSC performances including V., Js., FF, and 7, and EIS
parameters such as Rg, Ry, R,, and W, are summarized in
Table 1, where R, Ry, R,, and W represent the ohmic series
resistance, the charge transfer resistance at the counter elec-
trode/electrolyte, the charge resistance at the photoelectrode/
electrolyte interface and the Warburg diffusion resistance in
the electrolyte, respectively. The DSSC with PEBII
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20 PEBII Table 1 DSSC performance and EIS parameters of DSSCs fabricated
PEBII-POEM/MPII with four different polymer electrolytes at 100 mW/cm?
‘}‘E 154 PEBI/MPII Electrolyte Voe (mV)  Jye (mA/cmz) FE  1n(%) Ri(Q) R (Q) R, (Q) W (Q)
G
< > PEBII 0.64 18.1 051 59 13.2 6.0 18.8 8.1
3 PEBII-POEM PEBI/MPII 0.63 17.0 054 58 132 60 212 87
2 104 PEBII-POEM  0.66 13.8 050 45 159 51 223 89
2 PEBII-POEM/ 0.69 17.8 057 7.0 13.8 5.0 18.7 8.1
3 MPII
€
o
= 54
3
®)
o improved up to 7.0 % by the addition of MPII. The im-
T T T v T v T

. . — .
00 01 02 03 04 05 06 07 08
Voltage (V)

Fig. 7 Current density—voltage curves of DSSCs fabricated with
PEBII, PEBII-POEM, PEBII/MPII, and PEBII-POEM/MPII electro-
lytes at 100 mW/cm?

homopolymer (5.9 %) showed a higher efficiency than that
with PEBII-POEM copolymer (4.5 %). Because the ionic
conductivities of the two systems were not significantly
different from each other, the higher efficiency of PEBII is
probably due to a higher concentration of I ions. This
indicates that ion concentration in the polymer electrolyte
is a decisive factor for the performance of I,-free DSSCs.
Upon the introduction of MPII into PEBII, both J. and ¥
values only slightly changed, leading to a marginal change
in cell efficiency (5.8 %). The interfacial resistances were
also not significantly changed with the addition of MPII into
PEBIIL. Interestingly, however, the energy conversion effi-
ciency of the PEBII-POEM-based DSSC was significantly

144 18.66Hz ~ —=—PEBIl
] —e— PEBII/MPII
124 18.66Hz —a— PEBII-POEM
1 i387mz —v— PEBII-POEM/MPII
10
€ 1 25.08Hz S
< 84
o
rq? 6

10 15 20 25 30 35 40 45 50 55 60
Zq (0hm)

Fig. 8 Nyquist plots of DSSCs fabricated with PEBII, PEBII-POEM,
PEBII/MPII, and PEBII-POEM/MPII electrolytes at 100 mW/cm?
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proved efficiency is mostly due to the decreased resistances,
particularly R, and W, at the photoelectrode/electrolyte
interface and in the electrolyte, as characterized by EIS
analysis. "H NMR analysis reveals that the weight ratio of
PEBII-POEM graft copolymer is PEBII-POEM = 48:52,
which corresponds to approximately 60:50 mole ratio.
Because the concentration of MPII was fixed at 30 wt%
with respect to the polymer, the mole ratio of PEBII/MPII-
POEM is 72:28, representing that I concentration was
increased from 60 to 72 mol% upon the introduction of
MPII. Thus, MPII plays a pivotal role in increasing I ion
concentration in PEBII-POEM, resulting in an improve-
ment in energy conversion efficiency in DSSCs. The
obtained efficiency of 7.0 % is one of the highest values
for N719-based I,-free DSSCs.

Conclusion

We synthesized a new type of random copolymer consisting
of PEBII chains containing iodine ions and amorphous
rubbery POEM chains having good compatibility with the
hydrophilic ionic liquids. The copolymer synthesis was
confirmed using FT-IR, "H NMR, UV-visible spectroscopy,
and DSC. The ionic conductivities between PEBII (2.0x
10* S/cm at 25 °C) and PEBII-POEM (2.2x10™* S/cm)
were not significantly different from each other, but the I,-
free DSSC efficiency of PEBII (5.9 % at 100 mW/cm?) was
larger than that of PEBII-POEM (4.5 %). These results
indicate that ion concentration in the polymer electrolyte is
a decisive factor in determining the performance of I,-free
DSSCs. Interestingly, however, the DSSC efficiency of
PEBII-POEM copolymer was significantly improved up to
7.0 % by the introduction of MPII due to decreased resis-
tances including R, and W;. Thus, MPII plays an important
role in increasing I ion concentration in PEBII-POEM,
resulting in improvement of DSSC performance. The poly-
merized ionic liquid electrolytes deeply penetrated the TiO,
nanopores, resulting in improved interfacial contact between
electrode and electrolyte, as revealed by FE-SEM and EIS
analysis.
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