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Polymeric ionic liquid, poly(1-methyl 3-(2-acryloyloxy propyl) imidazolium iodide) (PMAPII) contain-
ing iodide ions is synthesized and used as a matrix polymer for preparing the composite poly-
mer electrolytes. The composite gel polymer electrolytes are prepared by utilizing PMAPII, organic
solvent containing redox couple and aluminum oxide nanoparticle for application in dye-sensitized
solar cells (DSSCs). PMAPII is highly compatible with organic solvents and thus there is no phase
separation between the PMAPII and organic solvents. This makes it be possible to directly solid-
ify the liquid electrolyte in the cell and maintain good interfacial contacts between the electrolyte
and electrodes. The addition of 10 wt.% Al2O3 nanoparticle to gel polymer electrolyte provides the
most desirable environment for ionic transport, resulting in the improvement of the photovoltaic per-
formance of DSSC. The quasi-solid-state DSSC assembled with optimized composite gel polymer
electrolyte containing 10 wt.% Al2O3 nanoparticle exhibits a relatively high conversion efficiency
of 6.51% under AM 1.5 illumination at 100 mA cm−2 and better stability than DSSC with liquid
electrolyte.

Keywords: Composite Gel Polymer Electrolyte, Dye-Sensitized Solar Cell, Polymeric Ionic
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1. INTRODUCTION

Photovoltaic device has received great attention as one
of the environmentally sustainable energy technologies.
Dye-sensitized solar cells (DSSCs) provide a promising
alternative to conventional silicon-based photovoltaic cells,
because of their low cost, easy fabrication and relatively
high energy conversion efficiency.1�2 The highest conver-
sion efficiency of DSSC reported to date is 12.3% under
AM 1.5 when used in conjunction with a liquid electrolyte
containing the I−/I−3 redox couple.3 However, the potential
problems caused by the liquid electrolytes, such as leak-
age or evaporation of the organic solvents, are considered
to be critical problems that limit the long-term operation
and practical use of DSSCs. Therefore, considerable efforts
have been made to replace the volatile liquid electrolyte
with a solid-state hole conductor, polymer electrolyte and
ionic liquid electrolyte.4–10 Among these approaches, use
of gel polymer electrolytes that exhibit high ionic con-
ductivity at room temperature appears to provide suc-
cessful results in terms of conversion efficiency. Several
types of gel polymer electrolytes based on different kinds
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of polymers have been studied in the DSSCs, such as
poly(acrylonitrile)(PAN), poly(ethylene oxide)(PEO) and
poly(vinylidene fluoride-co-hexafluoropropylene)(P(VdF-
co-HFP)).11–17 Alternatively, the polymeric ionic liquids
having some of the characteristics of ionic liquids, such
as high ionic conductivity, wide electrochemical stability
and low flammability, have been synthesized and used as
the matrices for preparing the gel polymer electrolytes.18–20

Addition of inorganic nanoparticles, such as SiO2, Al2O3

and TiO2 into the gel polymer electrolyte is an effective
way to improve the photovoltaic performance of DSSCs
assembled with gel polymer electrolytes.21–23 However,
reports about the photovoltaic performance of quasi-solid-
state DSSCs assembled with composite gel polymer elec-
trolytes based on polymeric ionic liquids and inorganic
nanoparticles are limited.
In this work, we synthesized a polymeric ionic liquid,

poly(1-methyl 3-(2-acryloyloxy propyl) imidazolium
iodide) (PMAPII), as a matrix polymer for preparing
the composite gel polymer electrolytes. With the poly-
meric ionic liquid, the composite gel polymer electrolytes
containing nanosized aluminum oxide particle were pre-
pared and characterized. The photovoltaic performances of
quasi-solid-state DSSCs assembled with these composite
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gel polymer electrolytes are investigated and compared
with those of liquid electrolyte-based DSSC. The influ-
ence of aluminum oxide content on the photovoltaic
performance of DSSCs is also investigated.

2. EXPERIMENTAL DETAILS

2.1. Synthesis of Polymeric Ionic Liquid

PMAPII was synthesized through three steps, as depicted
in Figure 1. The 3-iodo-1-propanol dissolved in tetrahy-
drofuran (THF) with a catalytic amount of triethylamine
was fed into a glass reactor. A solution of slight molar
excess of acryloyl chloride in THF was added to the reac-
tor dropwise over a period of 1 h under N2 atmosphere at
0 �C. After the solution was completely added, the solu-
tion was vigorously stirred for a further 24 h. The triethy-
lamine salt was filtered off, and the product (3-iodopropyl
acrylate) was obtained by removing THF in a rotary vac-
uum evaporator. A mixed solution of 3-iodopropyl acry-
late and n-methylimidazole in ethanol was stirred at 45 �C
for 12 h under N2 atmosphere. The product was puri-
fied by precipitation with diethyl ether to obtain 1-methyl
3-(2-acryloyloxy propyl) imidazolium iodide (MAPII).
The obtained MAPII monomer was polymerized with
azobisisobutyronitrile (AIBN) as a free-radical initiator
in dimethylsulfoxide (DMSO) at 80 �C for 12 h under
N2 atmosphere. After polymerization, the resulting solu-
tion was added drop by drop into a large excess of diethyl
ether. The polymer was washed successively with diethyl
ether to remove any impurities such as residual monomer
and initiator. The polymer was then dried in a vacuum
oven at 120 �C for 24 h. The chemical structure of PMAPII
was determined by 1H NMR spectrum using a VARIAN
(Mercury 300) NMR spectrometer with DMSO-d6 solvent.

Fig. 1. Reaction scheme for synthesis of PMAPII.

2.2. Cell Assembly and Measurements

To prepare the composite gel polymer electrolyte, PMAPII
was added at 40 wt.% into the liquid electrolyte. The
liquid electrolyte used in this study is a solution of
0.05 M I2 and 0.05 M 4-tert-butylpyridine (TBP) dis-
solved in �-butyrolactone (�-BL). Different amounts
(0, 5, 10, 15, 20 wt.%) of aluminum oxide nanopar-
ticle (particle size: 2–4 nm, Aldrich) were added to
the polymer solution, and the mixture was sonicated
to ensure homogeneity. Nanocrystalline TiO2 paste
(Ti-Nanoxide T20/SP, Solaronix) was cast onto a fluorine-
doped tin oxide (FTO) glass using a doctor blade and
was then sintered at 450 �C for 30 min. It was sen-
sitized overnight with a cis-diisothiocyanato-bis(2,2′-
bipyridyl-4,4′-dicarboxylato)ruthenium(II) bis(tetrabutyl
ammonium) (Ruthenium 535 bis-TBA, Solaronix) dye
solution. Counter electrode was prepared by spin-coating
0.01 M H2PtCl6 in isopropanol onto the FTO glass and
sintering at 450 �C for 30 min. The cell was fabricated by
sandwiching the composite polymer electrolyte between
the TiO2 electrode and Pt counter electrode, and sealing
together using a hot melting film. Photovoltaic perfor-
mance of DSSCs was evaluated using a xenon light source
(100 mWcm−2� with an AM 1.5 filter in a solar simulator
at ambient temperature. The light intensity was calibrated
with a NREL-calibrated Si solar cell (PV Measurements
Inc.). A black mask of 0.25 cm2 aperture was placed over
the cells during irradiation and an anti-reflection glass was
placed on the front glass cover of the cells. A two-electrode
electrochemical cell consisting of composite gel polymer
electrolyte sandwiched with two identical Pt electrodes was
used to measure the diffusion coefficient of the triiodide
ion from the diffusion-limited current measurements.24�25

The diffusion-limited current density was determined by
cyclic voltammetry at a scan rate of 5 mV s−1.

3. RESULTS AND DISCUSSION

Figure 2 shows the 1H NMR spectra of MAPII monomer
and PMAPII, respectively. The vinyl proton peaks
(CH2 CH–) in MAPII monomer are observed at 6.24,
6.36 and 6.41 ppm, as shown in Figure 2(a). After
polymerization of MAPII monomer, the peaks are clearly
disappeared and the new proton peaks (–CH2–CH–) cor-
responding to polymer backbone are observed at 2.98
and 3.42 ppm, shown in Figure 2(b), indicating that
MAPII monomer was polymerized to PMAPII. The pro-
tons (–CHimidazole–) in the imidazole unit appeared at
7.87, 7.98 and 9.55 ppm, as reported erlier.26 The methy-
lene protons (–CH2–) in side acryloyloxy propyl unit are
observed at 2.12, 4.28 and 4.32 ppm. The 1H NMR spec-
trum of PMAPII is well consistent with the expected
chemical structure.
Figure 3 shows the ionic conductivities and diffu-

sion coefficients of I−3 in the composite gel polymer
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Fig. 2. 1H NMR spectra of (a) MAPII monomer and (b) PMAPII in
DMSO-d6.

electrolytes, as a function of Al2O3 content. The gel poly-
mer electrolyte without Al2O3 nanoparticle exhibits an
ionic conductivity of 2�0×10−3 S cm−1 at room tempera-
ture. There was no phase separation between the PMAPII
and liquid electrolyte, because the polymeric ionic liquid
was highly compatible with �-BL. Both ionic conductivity
and diffusion coefficient increase with increasing content
of Al2O3 nanoparticles, reaching a maximum at 10 wt.%,
followed by a decrease. An increase in ionic conductiv-
ity and diffusion coefficient with the addition of Al2O3

nanoparticle is related to the generation of free volume
at the nanoparticle interface.22 A decrease in ionic con-
ductivity and diffusion coefficient beyond 10 wt.% Al2O3

nanoparticle may be attributed to the blocking effect on
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Fig. 3. Ionic conductivities and diffusion coefficients of I−3 in the com-
posite gel polymer electrolytes, as a function of Al2O3 content.

charge carrier transport since the Al2O3 nanoparticle is an
insulator for ionic transport by nature. From these results,
it is believed that the addition of 10 wt.% Al2O3 pro-
vides the most desirable environment for ionic transport
in the composite gel polymer electrolyte under study. At
the optimum 10 wt.% Al2O3, the ionic conductivity and
the diffusion coefficient of I−3 are 3�1×10−3 S cm−1 and
2�1×10−6 cm2 s−1, respectively.
The photovoltaic performance of the DSSCs assem-

bled with composite gel polymer electrolytes containing
Al2O3 nanoparticles was evaluated. Figure 4 represents
the photocurrent density–voltage curves of the DSSCs
with composite gel polymer electrolyte containing differ-
ent content of Al2O3 nanoparticles. As shown in figure,
the short-circuit current density (Jsc� of DSSC increases
with the addition of Al2O3 nanoparticles up to 10 wt.%
and decreases with the further addition. An increase in
Jsc with Al2O3 content is related to improved diffusion of
I−3 , as explained in Figure 3. On the other hand, the addi-
tion of Al2O3 nanoparticles hardly affects the open circuit
voltage (Voc�, indicating that the Al2O3 has very minor
influence on Voc. As a result, the optimum Al2O3 con-
tent to achieve the highest conversion efficiency is about
10 wt.%. The DSSC assembled with composite gel poly-
mer electrolyte containing 10 wt.% Al2O3 nanoparticles
yields open circuit voltage of 0.69 V, short-circuit current
density of 17.92 mA cm−2 and conversion efficiency of
6.51 %, which is 87.9 % of conversion efficiency of the
corresponding liquid electrolyte-based DSSC (7.41%).
The long-term stability of the quasi-solid-state DSSC

assembled with composite gel polymer electrolyte contain-
ing Al2O3 nanoparticle was evaluated. Figure 5 represents
the variation in the conversion efficiency of DSSC as a
function of time. For comparison, the conversion efficiency
of the DSSC with liquid electrolyte is also shown. Though
the DSSC assembled with liquid electrolyte exhibits high
conversion efficiency after being assembled, the conversion
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Fig. 4. Photocurrent–voltage curves of the DSSCs assembled with com-
posite gel polymer electrolyte containing different content of Al2O3

nanoparticles.
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Fig. 5. Variation of conversion efficiency as a function of time for
DSSCs assembled with liquid electrolyte and composite gel polymer
electrolytes.

efficiency decays continuously with time during the period
of investigation. The cell lost 35% of its initial conversion
efficiency after 10 days. Gradual decrease of conversion
efficiency in the DSSC assembled with liquid electrolyte
is related to the evaporation of liquid electrolyte, which is
caused by the imperfect sealing of the DSSC. On the other
hand, the conversion efficiency of DSSCs with compos-
ite gel polymer electrolyte reached a maximum value after
one day, and then remained almost constant over 10 days.
An initial increase of conversion efficiency may be due to
the fact that the interfacial properties between electrodes
and composite gel polymer electrolyte are improved at ear-
lier stage. The organic solvent containing a redox couple
is well encapsulated in the quasi-solid-state DSSC due to
the physical gelation of electrolyte solution in the cell. The
adhesive properties of composite gel polymer electrolyte
can also promote favorable interfacial contact between a
dye-adsorbed TiO2 electrode and a platinum counter elec-
trode, which give more stable performance than the DSSC
assembled with liquid electrolyte.

4. CONCLUSIONS

Poly(1-methyl 3-(2-acryloyloxy propyl) imidazolium
iodide) (PMAPII) was successfully synthesized and used
as a matrix polymer for preparing the composite poly-
mer electrolytes. The composite gel polymer electrolytes
consisted of PMAPII, Al2O3 nanoparticles and liquid elec-
trolyte were prepared and applied to the quasi-solid-state
DSSCs. The quasi-solid-state DSSC assembled with the
composite gel polymer electrolyte containing 10 wt.%
Al2O3 nanoparticles exhibited a relatively high conversion
efficiency of 6.51% at 100 mW cm−2 and better stability
compared to the DSSC with liquid electrolyte.

Acknowledgments: This work was supported by Basic
Science Research Program through the National Research
Foundation of Korea (NRF) grant funded from the MEST
of Korea for the Center for Next Generation Dye-
sensitized Solar cells (No. 2012-0000591) and the Human
Resources Development of KETEP Grant funded by
the Korea government Ministry of Knowledge Economy
(No. 20104010100560).

References and Notes

1. B. O’Reagen and M. Gratzel, Nature 353, 737 (1991).
2. M. Gratzel, Nature 414, 338 (2001).
3. A. Yella, H.-W. Lee, H. N. Tsao, C. Yi, A. K. Chandiran, M. K.

Nazeeruddin, E. W. Diau, C.-Y Yeh, S. M. Zakeeruddin, and
M. Gratzel, Science 334, 629 (2011).

4. K. Murakoshi, R. Kogure, Y. Wada, and S. Yanagida, Sol. Energy
Mater. Sol. Cells 55, 113 (1998).

5. S. Murai, S. Mikoshiba, H. Sumino, and S. Hayase, J. Photochem.
Photobiol. A: Chem. 148, 33 (2002).

6. J. Wu, Z. Lan, J. Lin, M. Huang, S. Hao, and L. Fang, Electrochim.
Acta 52, 7128 (2007).

7. J. H. Hyung, D. I. Suh, J. M. Chun, O. B. Yang, E. K. Suh, and
S. K. Lee, J. Nanosci. Nanotechnol. 8, 5109 (2008).

8. K. M. Lee, C.-Y. Hsu, W.-H. Chiu, M.-C. Tsui, Y.-L. Tung, S.-Y.
Tsai, and K.-C. Ho, Sol. Energy Mater. Sol. Cells 93, 2003 (2009).

9. S. J. Lim, Y. S. Kang, and D. W. Kim, Electrochem. Commun.
12, 1037 (2010).

10. S. H. Jin, M. Song, Y. S. Gal, J. H. Lee, and J. W. Lee, J. Nanosci.
Nanotechnol. 12, 4348 (2012).

11. P. Wang, S. M. Zakeeruddin, J. E. Moser, M. K. Nazeeruddin,
T. Sekiguchi, and M. Gratzel, Nature Mater. 2, 402 (2003).

12. Y. J. Kim, J. H. Kim, M. S. Kang, M. J. Lee, J. Won, J. C. Lee, and
Y. S. Kang, Adv. Mater. 16, 1753 (2004).

13. D. W. Kim, Y. B. Jeong, S. H. Kim, D. Y. Lee, and J. S. Song,
J. Power Sources 149, 112 (2005).

14. Z. Huo, S. Dai, K. Wang, F. Kong, C. Zhang, X. Pan, and X. Fang,
Sol. Energy Mater. Sol. Cells 91, 1959 (2007).

15. M. S. Kang, K. S. Ahn, and J. W. Lee, J. Power Sources 180, 896
(2008).

16. S. H. Park, J. U. Kim, S. Y. Lee, W. K. Lee, J. K. Lee, and M. R.
Kim, J. Nanosci. Nanotechnol. 8, 4889 (2008).

17. M. Wang, X. Pan, X. Fang, L. Guo, C. Zhang, Y. Huang, Z. Huo,
and S. Dai, J. Power Sources 196, 5784 (2011).

18. H. Ohno, Electrochim. Acta 46, 1407 (2001).
19. R. Marcilla, F. Alcaide, H. Sardon, J. A. Pomposo, C. Pozo-Gonzalo,

and D. Mecerreyes, Electrochem. Commun. 8, 482 (2006).
20. E. Azaceta, R. Marcilla, A. S.-Diaz, E. Palomares, and

D. Mecerreyes, Electrochim. Acta 56, 42 (2010).
21. P. Wang, S. M. Zakeeruddin, P. Comte, I. Exnar, and M. Gratzel,

J. Am. Chem. Soc. 125, 1166 (2003).
22. M. S. Kang, J. H. Kim, J. Won, and Y. S. Kang, J. Phys. Chem. C

111, 5222 (2007).
23. J. T. Park, D. K. Roh, S. H. Ahn, and J. H. Kim, J. Nanosci.

Nanotechnol. 11, 1718 (2011).
24. A. Hauch and A. Georg, Electrochim. Acta 46, 3457 (2001).
25. M. Zistler, P. Wachter, P. Wasserscheid, D. Gerhard, A. Hinsch,

R. Sastrawan, and H. J. Gores, Electrochim. Acta 52, 161 (2006).
26. G. Dumitriu, L. Lucescu, E. Bicu, and D. Belei, Acta Chemica Iasi

18, 77 (2010).

Received: 30 July 2012. Accepted: 20 December 2012.

7958 J. Nanosci. Nanotechnol. 13, 7955–7958, 2013


