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Flat membranes with honey-comb like morphology were prepared on dye coated TiO2 electrode. Liquid
electrolytes were immobilized in the pores of the honey-comb like structure of the polymer mem-
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branes due to high capillary force. The liquid impregnated polymer membranes were introduced to
dye-sensitized solar cells (DSSCs), forming quasi-solid-state electrolytes for highly efficient DSSCs with
an overall energy-conversion efficiency of ∼8% at room temperature under 1 sun illumination.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction

Dye-sensitized solar cells (DSSCs) have considerable promise for
uture commercialization due to their high-energy conversion effi-
iency and low production cost, making them viable alternatives
o silicon solar cells [1–3]. At present, however, practical problems
uch as leakage of liquid electrolyte remain serious obstacles to
heir application [4]. In this regard, an essential research subject
s solidification of the electrolyte. All-solid DSSCs [5–7] and quasi-
olid DSSCs [8–10] filled with gel electrolyte have been reported.
olymers are widely used as agents for the solidification of liq-
id electrolytes [11,12]. However, the conversion efficiencies of the
olid-state DSSCs are in most cases much lower than the corre-
ponding liquid DSSCs, possibly due to deteriorated ionic transfer
roperties after the liquid electrolyte was solidified [12].

Poly(vinylidene)fluoride (PVDF)-based co-polymers are very
ttractive gelators, exhibiting chemical and mechanical resistances
8]. It is known that fluorinated polymers are photochemically sta-
le even in the presence of TiO2 and Pt nanoparticles [13]. In a recent
tudy, Wang and co-workers used an ionic liquid polymer gel con-

aining poly(vinylidenefluoride-co-hexafluoropropylene) (PVdF-
FP) and 1-methyl-3-propylimidazolium iodide and confirmed

hat the photovoltaic performance of polymer gel electrolyte-
ased DSSCs compared favorably well with liquid electrolyte-based

∗ Corresponding author. Tel.: +82 31 290 7346; fax: +82 31 290 7272.
E-mail address: lutts@skku.edu (J.H. Park).

010-6030/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2009.01.010
cells [8]. Kang et al. also investigated the effects of PVdF-HFP,
a promising gelator, in N-methyl-2-pyrrolidone (NMP) on the
photocurrent–voltage characteristics and the stability of DSSCs [14].
However, the mechanical properties of these gel-type electrolytes
are not satisfactory for commercialization, and several approaches
to close the gap between the gel electrolyte-based DSSCs and
all-solid-state DSSCs by the addition of nanoparticles are being
investigated [9,15,16]. Wei et al. prepared a PVdF-HFP/PEG/PEGDMA
cross-linked film with porous structure as the electrolyte for DSSC
[15]. However, their cell performance was not comparable to that of
liquid-based electrolyte. Zhang et al. also prepared a porous poly-
mer membrane as a separator for DSSC [17].

In the present work, we describe the preparation of a flat
membrane with a honey-comb like morphology directly on a dye-
absorbed TiO2 electrode via a simple dip coating process and its
application to a DSSC. Liquid electrolyte is trapped in the pores of
the honey-comb like structure, resulting in retardation of leakage of
the liquid electrolyte (Fig. 1). Owing to the reduced flow due to the
unique morphology and high ion-mobility of the liquid electrolyte,
a ∼8% efficiency DSSC has been realized, a level similar to that of
liquid electrolyte-based DSSCs.

2. Experimental
2.1. Preparation of TiO2 films

A fluorine-doped SnO2 conducting glass (FTO) substrate was
sonicated in an ethanol and acetone mixture (1:1 volume ratio)

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:lutts@skku.edu
dx.doi.org/10.1016/j.jphotochem.2009.01.010
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cells. Electron transport processes of a very short time constant are
Fig. 1. Film morphology of the PVdF-HFP and configuration of the DSSC.

or 5 min, and then sonicated in a 5% Micro-90 aqueous solu-
ion for 5 min. A spin-coating method using 100 mM Ti-isoproxide
as applied to form a thin TiOx underlayer on a FTO glass

natase TiO2 colloids were made from a sol–gel hydrolysis and
utoclaving of titanium isopropoxide at 230 ◦C for 12 h in an
cetic acid aqueous solution, as described elsewhere [18]. TiO2
anoparticles were dispersed in �-terpinol with ethyl cellulose
s a binder. The solution was applied with a doctor blade to
roduce a TiO2 film on the supporting substrate. A 12 �m trans-
arent high surface area layer of 20 nm sized TiO2 particles was
rst printed on a FTO electrode, and this layer was subsequently
oated by a 5 �m thick second layer of 300 nm light scattering
articles.

.2. Cell fabrications

To coat dye on a TiO2 film, the samples were immersed
n 3 × 10−4 M Ru(II)LL′(NCS)2 (L = 2,2′-bipyridyl-4,4′-dicarboxylic
cid, L′ = 2,2′-bipyridyl-4,4′-ditetrabutylammonium carboxylate,
olaronix) ethanol solution for 18 h. For preparation of a porous
15 �m-thick PVdF-HFP film (Kynar, Powerflex) with a honey-

omb like structure, dye-coated TiO2 electrode was immersed in
VdF-HFP solution in acetone for 1 s and then dried in a cham-
er under controlled temperature (25 ◦C) and humidity for 1 min.
ounter electrodes were prepared by applying a drop of H2PtCl6 on
TO glass followed by heating at 400 ◦C for 15 min. Single drops of
n electrolyte were applied on PVdF-HFP coated TiO2 electrode. The
ye-absorbed TiO2 electrode with the porous polymer film and Pt
ounter electrode were assembled into a sealed sandwich-type cell
y heating with a hot melt of a polymer film (Surlyn, Dupont 1702,
0 �m). The electrolyte was composed of 0.6 M butylmethylimida-
olium iodide, 0.03 M I2, 0.1 M guanidinium thiocyanate, and 0.5 M
-tert-butylpyridine in a mixture of acetonitrile and valeronitrile

85:15, v/v). For preparation of DSSC without PVdF-HFP, the dye-
bsorbed TiO2 electrode was assembled with Pt counter electrode
ollowing same experimental procedure for the DSSC with PVdF-
FP.
tobiology A: Chemistry 203 (2009) 151–154

2.3. Measurement

The J–V curves were measured at AM 1.5 illumination using a
Keithley 2400 source measure unit. A 1000 W xenon lamp (Oriel,
91193) served as the light source and its intensity was calibrated
using a Si reference cell (Fraunhofer ISE, certificate no. C-ISE269).
The electrochemical impedance spectra were measured with an
impedance analyzer (Solartron Analytical, 1255B) equipped with a
potentiostat (Solartron Analytical, 1287) under illumination using
a 1000 W xenon lamp. The applied bias voltage and AC amplitude
were set at the open-circuit voltage of each DSSC and 10 mV, respec-
tively.

3. Results and discussion

Two different morphologies of PVdF-HFP films were obtained, as
shown in Fig. 2. Generally, several parameters such as precipitation
temperature and composition of the polymer solution (concen-
tration, type of solvent) affect the morphology of the PVdF-HFP.
However, highly porous PVdF-HFP films were readily obtained by
controlling the humidity of the atmosphere. The PVdF-HFP was
dissolved at room temperature in the solvent acetone at 5 wt.%
concentration and then coated on the dye-absorbed TiO2 elec-
trode under two different humidity levels (15% and 40%). When the
film was prepared under a high humidity condition, a very porous
PVdF-HFP structure was obtained. The possibility of liquid–liquid
de-mixing or crystallization of the polymer film seems to be
affected by water molecules in the air [19]. Fig. 2(a and b) shows
photographs of two different PVdF-HFP films impregnated with liq-
uid electrolyte. For comparison, Fig. 2(c) shows a photograph of the
liquid electrolyte. Fig. 2 indicates that highly porous polymer films
could immobilize the liquid electrolyte in a manner resembling
solidification of an electrolyte. However, no obvious immobilization
of the liquid electrolyte was observed for the non-porous PVdF-
HFP film prepared under low humidity. This new concept is useful
in better confining the liquid electrolyte in the final cell, thereby
possibly improving the lifetime of the cell by preventing failure
due to electrolyte leakage. In the DSSC assembled with a porous
PVdF-HFP film, the organic solvent containing the I−/I3− redox cou-
ple is well encapsulated in the pore of a PVdF-HFP film. Moreover,
unlike conventional methods to prepare gel-type electrolyte such
as solution casting from direct dissolution of the polymer in the
electrolyte solution, porous PVdF-HFP film keeps a mechanically
robust structure even after the liquid electrolyte is added.

The J–V curves of the two DSSCs (with and without porous film)
were measured at 100 mW/cm2 and are presented in Fig. 3. The
PVdF-HFP thickness was fixed at 20 �m. The maximum energy
conversion efficiency was as high as 8.0% at 100 mW/cm2 for
the DSSC employing the porous PVdF-HFP film. More than 10
cells were prepared and tested at the same time. The DSSCs
with/without PVdF-HFP show almost same energy conversion effi-
ciency. Although the flow-ability of the PVdF-HFP-based electrolyte
is much lower than that of the liquid electrolyte-based electrolyte,
the corresponding I–V curves are practically identical. This indi-
cates that triiodide and iodide can freely move in the open channels
of the PVdF-HFP network. The maximum IPCE value was 75% at
540 nm for the PVdF-HFP-based cells, which is comparable to the
value obtained for liquid-based DSSCs (Fig. 4).

Fig. 5 depicts the electrochemical impedance spectra for the liq-
uid electrolyte-based cell and PVdF-HFP/liquid electrolyte-based
cell. Ro in Fig. 5 is the ohmic resistance of the dye-sensitized solar
included. First semicircle is the resistance at the TiO2/FTO inter-
face, the resistance between TiO2 particles, and at the interface
of the Pt/electrolyte solution [20,21]. In the impedance spec-
tra of the liquid electrolyte-based cell and the PVdF-HFP/liquid



J.H. Park et al. / Journal of Photochemistry and Photobiology A: Chemistry 203 (2009) 151–154 153

F PVdF
c 0.5 m
e ed hu
a the g

e
s
a
i
t

ig. 2. Photographs of PVdF-HFP films impregnating liquid electrolyte: (a) porous
hamber under controlled humidity (40%) to prepare porous PVdF-HFP film. Then
lectrolyte; 2 ml of 5 wt.% PVdF-HFP solution was dried in a chamber under controll
dded in the film (c) only liquid electrolyte; 0.5 ml of liquid electrolyte was added in
lectrolyte-based cell, first semicircle was almost the same. Second
emicircle denotes the resistance at the TiO2/electrolyte solution
nd TiO2/dye interfaces [21]. In our experiments, the resistance
n the PVdF-HFP/liquid electrolyte-based cell were slightly larger
han those of the liquid electrolyte-based cell, indicating that the

Fig. 3. J–V curves of DSSCs with and without porous membrane.
-HFP film with liquid electrolyte; 2 ml of 5 wt.% PVdF-HFP solution was dried in a
l of liquid electrolyte was added in the film (b) dense PVdF-HFP film with liquid

midity (15%) to prepare porous PVdF-HFP film. Then 0.5 ml of liquid electrolyte was
lass tube.
PVdF-HFP/liquid electrolyte-based cell has additional resistance at
the TiO2/electrolyte interface or Pt/electrolyte interface due to the
additional polymer layer. The response at low frequency is related
to the diffusion process of I−/I3− redox electrolytes. In the case of

Fig. 4. IPCE spectrum of DSSC with porous polymer film.
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ig. 5. Electrochemical impedance spectra for DSSCs with and without porous mem-
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he liquid electrolyte-based cell, this component was not observed.
owever, the PVdF-HFP/liquid electrolyte-based cell also shows an
dditional semicircle, which represents Nernstian diffusion, arising
ue to reduced ion-mobility.

Thus far, we have described the efficiency and impedance char-
cteristics of a new system, DSSCs with a porous membrane. The
dditional porous membrane increased the cell resistance. Nev-
rtheless, cell performance was not hampered by the additional
embrane.

. Conclusions
Flat membranes with honey-comb like morphology were pre-
ared on dye coated TiO2 electrode. Liquid electrolytes were

mmobilized in the pores of the honey-comb like structure of the
olymer membranes due to high capillary force. The proposed
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quasi-solid-state DSSC shows energy conversion efficiency that is
similar to that of liquid electrolyte-based DSSCs. The present results
highlight the promise of commercialization of a new generation of
solar cells.
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