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ABSTRACT: Polymer electrolyte membranes based on
poly(ethylene oxide) (PEO) doped with TiO2 nanoparticles
were synthesized by simple solution cast technique. Meso-
porous TiO2 film was prepared by doctor-blade method.
The modified polymer membranes and the mesoporous
films were characterized by SEM, TEM, AFM, ionic con-
ductivity, and J-V measurements. Dye-sensitized solar cells
(DSSC) have been fabricated in which PEO-polymer elec-
trolyte doped with and without nano-TiO2 were sand-
wiched between porous TiO2 and counter electrodes. The

DSSC with nano-TiO2 doped polymer electrolyte shows
better performance (1.68%) in comparison with pristine
polymer electrolyte (1.07%), which is due to improved
ionic conductivity value in polymer electrolyte system by
nano-TiO2 doping. VC 2010 Wiley Periodicals, Inc. J Appl Polym
Sci 118: 2976–2980, 2010

Key words: nanocomposite; nanoporous-TiO2; poly-
electrolyte; PEO-TiO2; ionic conductivity; dye-sensitized solar
cell

INTRODUCTION

In year 1991, Prof. Grätzel reported a new type of
solar cell known as dye-sensitized solar cell (DSSC)
with relatively better performance and cost effective
in comparison with costly crystalline Si solar cell.1–3

The overall cell performance in a DSSC depends on
many factors like nature of electrodes, dye, sensi-
tizer, electrolyte, etc. The photoactive TiO2 is com-
monly used electrode in solar cell. In last decades,
porous TiO2 film has been widely used as photoelec-
trode due to its high-specific surface area that allow
the maximum adsorption of large dye molecules. As
far as synthesis of photoelectrode is concerned, the
doctor-blade method is frequently used as it gives
uniform crack free film.1,2 For an efficient DSSC,
electrolyte also plays an important role. The electro-
lyte with proper redox couple can influence the
re-reduction of the oxidized state and electron trans-
fer kinetics at the counter electrode.4,5 Also, it has
influence on the formation of ion-pair with dye. The
electrolytes reported in DSSC are solid as well as
liquid. With liquid electrolyte, like volatile acetoni-
trile, the maximum reported efficiency is � 11%
using I�/I�3 redox couple. The significant problems

with liquid electrolytes are leakage, corrosion, evap-
oration of solvent, poor long-term stability, etc.
These limitations restrict the large-scale production
of DSSC. In last decade, the liquid electrolyte is
replaced with solid electrolyte. The popular solid
electrolytes are gel and polymer electrolytes.4,6–9 But,
the polymer electrolytes are more attracted in sci-
ence community due to its superiority over gel elec-
trolytes. The gel electrolyte still retains a significant
volume of liquid encapsulated in the pores, which
gives a large increase in vapor pressure as the tem-
perature is raised and therefore the sealing of such
cells still remains a problem.10 PEO-based solid
polymer electrolytes have shown its importance in
DSSC. It has good mechanical stability, excellent
complexation nature, presence of polar groups, and
low Tg. These properties attracted most of the
researchers in developing efficient DSSC.11–15 The
main disadvantage is its low-ionic conductivity (r)
at ambient condition and it is associated with its
high crystallinity. The popular alternate to reduce
crystallinity are addition of inorganic additives and/
or plasticizers.15–17 Doping plasticizers to reduce
crystallinity is well-known phenomenon; addition of
too much plasticizer reduces the mechanical proper-
ties of the film.17 For efficient DSSC, the concentra-
tion of additives should be optimum.
In the present study, we have reported the prepa-

ration and characterization of PEO-TiO2 based nano-
composite polyelectrolyte system for DSSC applica-
tions. The added nanoparticles of titania (nano-TiO2)
powder (particle size <25 nm) into polymer
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electrolyte matrix (PEO : KI/I2) have significant
effect on the ionic conductivity.18,19 The structural
and photoelectrochemical properties of the resulted
composite polyelectrolyte are evaluated in details.
The preparation of porous TiO2 electrode using doc-
tor-blade method for fabrication of DSSC is also pre-
sented. The performance of the fabricated DSSC
have been compared with those without nano titania
and the implications have been discussed.

EXPERIMENTAL

Development of polymer electrolyte films
containing nano-TiO2 powder

Poly (ethylene oxide) (PEO, Mw ¼ 1 � 106), potas-
sium iodide (KI), iodine (I2, 99.99%), nano-TiO2 pow-
der (TiO2, particle size <25 nm) were purchased
from Aldrich Chemical. All chemicals used in this
study were dehydrated before use. As a first step, a
viscous solution of PEO : KI/I2 (75 : 25 : 2.5 wt %)
complex was obtained using acetonitrile as solvent
to which nano-TiO2 of desired weight ratio were
added. These resultant solutions were vigorously
stirred at 50�C for � 5 h and the final viscous
homogenous solutions were poured into polypropyl-
ene Petri dishes. The solvent was allowed to evapo-
rate slowly and a solvent-free polymer salt complex
film doped with nano-TiO2 was obtained. These
films were dried in ambient condition for about a
week followed by vacuum drying to remove the
traces of the solvent.

Fabrication of porous TiO2 film
and DSSC assembly

Opaque, thin-nanostructured TiO2 film was pre-
pared by doctor-blade technique on conductive glass
substrates. In this method, first of all, a blocking
layer of Ti (IV) bis (ethyl acetoacetato)-diisopropox-
ide solution (2 wt % in 1-butanol) was spread on
FTO conducting glass (Pilkington, sheet resistance
30 X/cm2) surface by spin coating (1000 rpm at
30 s). The TiO2 colloidal paste (Ti-nanooxide D,
Solaronix) was then spread onto the conducting FTO
glass substrate using doctor-blade and sintered at
500�C for 30 min, which give porous films of thick-
ness � 10 lm. The thickness of this TiO2 film was
controlled by scotch tape having thickness � 50 lm.
The porous TiO2 film deposited onto FTO was sensi-
tized overnight with dye solution in which 0.5 mM
of 535 bis-TBA (Solaronix, Switzerland) dye was dis-
solved in distilled methanol while the Pt-counter
electrode was prepared by spin-coating H2PtCl6
solution (0.05 mol dm�3 in isopropyl alcohol) onto
the conductive glass and then sintering at 400�C
for � 30 min. Finally, the polymer electrolytes
(� 400 lL) containing nano-TiO2 and pristine poly-
mer electrolytes were spread on the surface of the

sensitized TiO2 electrode following two-step casting
method as shown in Figure 1. In this method, first a
dilute solution of electrolyte (� 200 lL) was spread
on porous sensitized TiO2 electrode followed by
remaining 200 lL concentrate solution (Fig. 1). The
platinized SnO2 counter electrode was pressed
against the TiO2 electrode. An external clamp was
used to maintain the mechanical integrity of the
DSSC. The fabricated DSSC assembly was vacuum-
dried for 4 h and cell performances were evaluated
without any special sealing. The active area of pres-
ent cell was 0.25 cm2.

Measurements

The surfaces features of porous TiO2 film was
observed using scanning electron microscopy (SEM,
model JSM-5600 LV, JEOL, Japan) operated at an
accelerating voltage of 10 kV. The morphology of
TiO2 nanoparticles was further investigated by trans-
mission electron microscope (TEM, JEOL-4000EX)
operating at 200 kV. For taking TEM micrographs,
the TiO2 film was scratched from the substrate and
lifted on TEM-platinum grid. Atomic force micros-
copy (AFM) images of these films were obtained
using multimode nanoscope IV (Digital Instruments,
Canada) operated in tapping mode with a scan rate
of 1 Hz. AFM images were recorded using phos-
phorous doped silicon (Si) tip with spring constant
28–80 N/m and having resonant frequencies
between 262 and 307 kHz. To evaluate the ionic con-
ductivity values of the polymer electrolyte films, we
have used complex impedance spectroscopic tech-
nique. In this method, the polymer film was sand-
wiched between stainless steel die with an active
area 3.14 cm2. The ionic conductivities (r) of these
polymer films were obtained from bulk resistance by
a.c. complex impedance analysis using a Solartron
(SI 1287) interfaced with 1252A FRA and frequency
range between 40 Hz and 40 KHz.

Figure 1 Preparation method of DSSC showing fabricated
DSSC assembly. The polymer electrolyte (PE)-TiO2 com-
posite solid film is sandwiched between electrodes. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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The photovoltaic tests of the DSSC were carried
out by measuring the current density-voltage charac-
teristics (J-V curve) at AM 1.5 illumination (100 mW
cm�2) employing a source measure unit (Keithley
Model 2400) equipped with 1000 W Xenon lamp
(solar simulator model Oriel, 91193).

RESULTS AND DISCUSSIONS

In the present study, we successfully prepared the
nanocomposite polyelectrolyte system by dispersing
the nano-TiO2 powder into the PEO matrix at room
temperature. We observed there was no precipita-
tion and/or phase separation of the either compo-
nent during preparation. The polyelectrolyte system
with different composition of dispersed nano-TiO2

was prepared to optimize the optimum concentra-
tion of nano-TiO2 to achieve the maximum DSSC
performance. The optimization was carried out by
measuring the conductivity of the system after fabri-
cation of devise as discussed in ‘‘Experimental’’ sec-
tion with nanoporous TiO2 film electrode. In the first
step, the nano porous TiO2 film electrode was pre-
pared by doctor-blade method and detail character-
ized by SEM, TEM, and AFM

Surface profile of mesoporous TiO2 film

SEM measurement

Figure 2 shows the SEM images of the mesoporous
TiO2 film. Surface morphology of film shows the
interconnected TiO2 nanoparticles with average par-
ticle size 25–30 nm. The particles are randomly ori-
ented/distributed throughout the surface resulting
very high surface area. Additionally, the film shows
porous nature. The nanoporous TiO2 film provides a
large surface area for adsorption of photoactive mol-
ecules and good communication with the redox cou-

ple. Such a highly porous film was proven to greatly
enhance the photo-to-current conversion efficiency
of the dye-sensitized semiconductor solar cells.
Some randomly distributed larger clusters could also
be seen. These may be due to the agglomeration of
the smaller particles. The surface is predominantly
rough which has been quantitatively estimated by
AFM and discussed below.

TEM measurement

Figure 3 shows the TEM micrograph of the mesopo-
rous TiO2 film scratched from the surface of FTO
conducting glass. It is well known that anatase TiO2

shows much better performance in DSSC in compar-
ison with rutile TiO2. The prevalent structures of the
anatase nanoparticles of TiO2 are square-bipyrami-
dal, pseudocubic and stab like.1,2,5 In present case,
we observed same shape/size particles of TiO2 inter-
connected with each other. The average particle sizes
are � 27 nm which is in good agreement with our
SEM measurement.

AFM measurement

Figure 4 shows the two-dimensional AFM images of
TiO2 films taken under tapping mode. The observed
particle-size distributions of TiO2 were about 40–60 nm,
which is much greater than the crystallite sizes cal-
culated from the SEM or TEM results. The increase
in the crystallite sizes of TiO2 particles in AFM is
due to the aggregation of the primary crystallites. It
was also clear that the surface morphology of
porous TiO2 film shows rough nature with average
roughness of 34.5 nm. Such a high roughness of
TiO2 adsorbs the large number of dye molecules as
well as provide better wetting of polymer

Figure 2 The top view scanning electron micrograph
(SEM) of mesoporous TiO2 film.

Figure 3 TEM photographs of porous TiO2 film scratched
from FTO conducting substrate.
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electrolyte, which may enhance overall DSSC
performance.15

Effect of nano-TiO2 dispersion on the ionic
conductivity of polymer electrolyte films

The ionic conductivity (r) was evaluated from
the complex impedance plots and using the relation
r ¼ G � l/A, where l and A are the thickness and area
of prepared polymer film and G is the conductance
value of sample (G ¼ 1/R). The value of bulk resist-
ance (R) is obtained from the first intercept on the
real-axis of the impedance data in the complex im-
pedance plot. The calculated values of ionic conduc-
tivities are presented in Figure 5 against the amount
of titania dispersed in the polymer matrix. It is clear
that conductivity of the polymer electrolytes with
nano-TiO2 dispersoid is always greater than the host
polymer (PEO : KI/I2). The addition of nano-TiO2 in

polymer electrolyte matrix increases the ionic conduc-
tivity and it attains a maxima at 10 wt %, where r
value is 1.35 � 10�4 S cm�1 and then decreases.
For a heterogeneous or nanostructured system, ionic

conductivity is contributed from both bulk and interfa-
cial transport. This enhancement in conductivity is
similar to the conductivity enhancement reported in
literatures for polymer-solid composite electrolyte sys-
tems.18–21 The filler particles, because of their large sur-
face area, prevent the recrystallization of PEO and
increase its amorphicity, which is suitable for DSSC
application.22,23 Thus the regions permitting the ions to
migrate gets enhanced and hence the conductivity.
Additionally, the highly charged surfaces of the par-
ticles also add up as the conductive path. At a particu-
lar concentration of such segments, the paths link up
and the percolation threshold is achieved. In our case,
the threshold is obtained for x wt % for which maxi-
mum conductivity is obtained. As shown in Figure 5, it
is clear that the conductivity of our polymer electrolyte
film with 10 wt % nano-TiO2 is maximum and hence
this film has been chosen in present DSSC application.

Figure 4 Two-dimensional AFM image of mesoporous
TiO2 film deposited onto the surface of FTO substrate.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 5 The ionic conductivity versus composition plot
in nano-TiO2 doped PEO : KI/I2 solid polymer electrolyte
system.

Figure 6 Photovoltaic curves (J-V) of the DSSC with
(a) PEO : KI/I2 and (b) PEO : KI/I2 þ10 wt % nano-TiO2

solid polymer electrolyte at 100 mW cm�2 light intensity.
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Effect of nano-TiO2 dispersion on the
DSSC performance

Figure 6 shows the DSSC performance of polymer
electrolyte with and without nano-TiO2. It is clear that
polymer electrolyte film without nano-TiO2 [Fig. 6(a)]
shows efficiency of 1.07% while the polymer electro-
lyte film containing 10 wt % nano-TiO2 shows [Fig.
6(b)] improved efficiency of 1.68%. This enhancement
in efficiency is possible since r of nano-TiO2 doped
polymer electrolyte film is greater (1 order of magni-
tude) than without nano-TiO2 dispersed film. Addi-
tionally, dispersion of nano-TiO2 provide more amor-
phous matrix (more conductivity) in which I�/I�3 can
easily move and penetrate inside the voids of nano-
TiO2 and shows better efficiency.22,23

CONCLUSIONS

The optimization of PEO-polymer electrolyte (PEO :
KI/I2) was achieved by the addition of nano-TiO2

particles. The ionic conductivity of the polymer
electrolytes was improved by the incorporation of
nano-TiO2 and the maximum 1.35 � 10�4 S cm�1

conductivity observed at 10 wt % nano-TiO2 con-
centration. A mesoporous TiO2 film has been suc-
cessfully developed for DSSC application using
doctor-blade method. The DSSC with nano-TiO2

doped polymer electrolyte (maximum r) shows
improved efficiency of 1.68% in comparison with
DSSC without nano-TiO2 (1.07%). This improve-
ment in efficiency is due to better ionic conductiv-
ity value of polymer electrolyte with nano-TiO2

dispersion.

References

1. Grätzel, M. J Photochem Photobiol C: Photochem Rev 2003, 4, 145.

2. Grätzel, M. Acc Chem Res 2009, 42, 1788.

3. Longo, C.; de Paoli, M. A. J Braz Chem Soc 2003, 14, 889.

4. Li, B.; Wang, L.; Kang, B.; Wang, P.; Qiu, Y. Sol Energy Mater
Sol Cells 2006, 90, 549.

5. Stathatos, E.; Lianos, P.; Jovanovski, V.; Orel, B. J Photochem
Photobiol A: Chem 2005, 169, 57.

6. Ikeda, N.; Teshima, K.; Miyasaka, T. Chem Commun 2006, 1733.

7. Wu, J.; Hao, S.; Lan, Z.; Lin, J.; Huang, M.; Huang, Y.; Fang,
L.; Yin, S.; Sato, T. Adv Funct Mater 2007, 17, 2654.

8. Bhattacharya, B.; Tomar, S. K.; Park, J. K. Nanotechnology
2007, 18, 485711.

9. Wang, Y. Sol Energy Mater Sol Cells 2009, 93, 1167.

10. Nogueira, A. F.; Durrant, J. R.; de Paoli, M. A. Adv Mater
2001, 13, 826.

11. Kim, J. H.; Kang, M. S.; Kim, Y. J.; Won, J.; Kang, Y. S. Solid
State Ionics 2005, 176, 579.

12. Freitas, F. S.; Freitas, J. N.; Ito, B. I.; de Paoli, M. A.; Nogueira,
A. F. ACS Appl Mater Interfaces 2009, 1, 2870.

13. Singh, P. K.; Kim, K. W.; Rhee, H. W. Electrochem Commun
2008, 10, 1769.

14. Changneng, Z.; Miao, W.; Xiaowen, Z.; Yuan, L.; Shibi, F.;
Xueping, L.; Xuri, X.; Kuang, C. Chin Sci Bull 2004, 49, 2033.

15. Katsaros, G.; Stergiopoulos, T.; Arabatzis, I. M. K.; Papadokostaki,
G.; Falaras, P. J Photochem Photobiol A: Chem 2002, 149, 191.

16. Singh, P. K.; Chandra, A. Natl Acad Sci Lett India 2002, 25, 286.

17. Srivastava, N.; Chandra, S. Eur Polym J 2000, 36, 421.

18. Dissanayake, M. A. K. L.; Jayathilaka, P. A. R. D.; Bokalawala,
R. S. P.; Albinsson, I.; Mellander, B.-E. J Power Sourc Vol
2003, 119, 409.

19. Xiong, H. M.; Zhao, K. K.; Zhao, X.; Wang, Y. W.; Chen, J. S.
Solid State Ionics 2003, 159, 89.

20. Singh, P. K.; Chandra, A. J Phys D: Appl Phys 2003, 36, L93.

21. Singh, P. K.; Bhattacharya, B.; Nagarale, R. K.; Kim, K. W.;
Rhee, H. W. Synth Met 2010, 160, 139.

22. Kumar, B.; Rodrigues, S. J. J Electrochem Soc 2001, 148, A1336.

23. Croce, F.; Appetecchi, G. B.; Persi, L.; Scrosati, B. Nature 1994,
394, 456.

2980 SINGH, BHATTACHARYA, AND NAGARALE

Journal of Applied Polymer Science DOI 10.1002/app


