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Abstract

The addition of the plasticizer poly(ethylene glycol)methyl ether to the polymer electrolyte based on poly(epichlorohydrin-co-ethylene oxide),
NaI and I2 increased the ionic conductivity by one order of magnitude (1.7 × 10−4 S cm−1) without compromising its electrochemical, thermal
and dimensional stabilities. The plasticized polymer electrolyte presented an estimated diffusion coefficient of 2 × 10−6 cm−2 s−1, ca. five times
h 2

w
a
c
©

K

1

i
t
o
c
i
i
d
e
c
a
e
e
a
s
o
p

1
d

igher than the diffusion coefficient estimated for the polymer electrolyte without plasticizer. Solid-state dye-sensitized TiO2 solar cells (1 cm )
ere assembled with the plasticized polymer electrolyte and presented an open circuit potential of 0.64 V, short-circuit current of 0.60 mA cm−2

nd an energy conversion efficiency of 1.75% under light intensity of 10 mW cm−2. This efficiency remained unchanged for 30 days, showing that
ell efficiency and stability can be improved using a plasticized polymer electrolyte.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Dye-sensitized TiO2 solar cells (DSSC) have been intensively
nvestigated as potential alternatives to photovoltaic devices due
o the low energy consumption for their production, low cost
f raw materials and high integrated efficiency of solar energy
onversion (∼10%) [1,2]. The working principle of these cells
s based on electron injection from a photoexcited sensitizer dye
nto the conduction band of the nanocrystalline TiO2 semicon-
uctor. The original state of the dye is subsequently restored by
lectron donation from the electrolyte, usually an organic solvent
ontaining a redox couple, such as iodide/triiodide. Regener-
tion of iodide ions is achieved at the counter-electrode by
lectrons from the external circuit [1,2]. The use of a liquid
lectrolyte still remains a critical issue in view of the practical
pplications of DSSC. The liquid electrolyte demands a perfect
ealing of the devices in order to avoid leakage and evaporation
f the solvent, which might result in low long-term stability and
erformance [3]. Many efforts have been made to overcome this

drawback, replacing the liquid electrolytes by room temperature
ionic liquids [4,5], organic and inorganic hole-transport materi-
als [6–8], gel [9,10] and polymer electrolytes [2,11,12].

Polymer electrolytes are composed by alkaline salts (e.g.
lithium or sodium salts) dissolved in a high molecular
weight polymer host such as poly(ethylene oxide) (PEO) or
poly(propylene oxide) (PPO) [2]. In general, DSSC assembled
with polymer electrolytes exhibit lower efficiency than cells
employing liquid electrolytes due to the lower ionic mobility
of the I−/I3

− species in the polymeric medium, which affects
the kinetics of all the transfer processes involved in cell oper-
ation. However, in spite of the lower performance, the benefits
obtained by replacement of liquid electrolytes can be worthwhile
in achieving cells with improved stability [13].

Since 1996, our group has been working on DSSC using a
polymer electrolyte based on poly(epichlorohydrin-co-ethylene
oxide), P(EPI-EO), and the first results were published in
1999 [14]. The best energy conversion efficiency that we have
obtained for a solid-state DSSC (active area of 1 cm2) was
2.6% under 10 mW cm−2 [11]. However, our results indicate
that we have already reached the limit of the cells efficiency for
∗ Corresponding author. Tel.: +55 19 3788 3075; fax: +55 19 3788 3023/3022.
E-mail address: mdepaoli@iqm.unicamp.br (Marco-A.D. Paoli).

a system based only on polymer and salt. Other components
must be added to the system in order to ensure cells with a
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better performance and to improve ionic conductivity and as a
consequence I3

−/I− mobility.
Recently, Kim et al. reported on the performance of a solid-

state DSSC employing a polymer electrolyte based on poly(butyl
acrylate) (PBA), NaI and I2 [12]. In this study, the polymer elec-
trolyte presented an ionic conductivity in the range of 10−7 to
10−6 S cm−1 at room temperature, and the DSSC (active area
of 0.125 cm2) showed an energy conversion efficiency of 1.66%
under 10 mW cm−2. Falaras and co-workers reported a highly
efficient DSSC using a composite of poly(ethylene oxide)/TiO2
and LiI/I2 as polymer electrolyte [15,16]. In this study, TiO2
nanoparticles were introduced in the polymer electrolyte as
fillers, decreasing PEO crystallinity and, as a consequence,
increasing the ionic conductivity (∼10−5 S cm−1). The DSSC
(active area of 0.25 cm2) presented an energy conversion effi-
ciency of 4.2% under 65 mW cm−2.

Other efforts have tried to improve the ionic conductivity of
polymer electrolytes, and one of the most successful approaches
to improve this ionic conductivity consists in the addition of plas-
ticizers (up to 50 wt.%) without compromising the thermal, elec-
trochemical and dimensional stability. The most employed plas-
ticizers are low molecular weight organic solvents such as propy-
lene carbonate (PC) and ethylene carbonate (EC), or low molec-
ular weight polymers such as poly(ethylene glycol) derivatives.
The function of the plasticizer is to decrease polymer–polymer
chain interactions, leading to a polymeric matrix with a low glass
t
p
s
p
u
a
a
∼
r

s
c
p
[

i
o
a
f
g
t
b
s
r

2

2

E

used as received from Daiso Co. Ltd. (Osaka). The copolymer
molecular weight reported by the supplier is 1.3 × 106 g mol−1.
The plasticizer poly(ethylene glycol)methyl ether, P(EGME),
Mw ∼ 350 (Acros) was used as received and it was chosen due
to the similarity of its chemical structure and that of the copoly-
mer matrix.

Samples of the P(EPI-EO) and P(EPI-EO)/P(EGME) system
with different salt concentrations were prepared by dissolution
of the copolymer, plasticizer, NaI and I2 in acetone (molar ratio
of [I3

−]/[I−] = 10). The P(EPI-EO)/P(EGME) systems were pre-
pared mixing 50 wt.% of P(EPI-EO) and 50 wt.% of P(EGME).
The addition of more than 40 wt.% of P(EGME) produces a poly-
mer electrolyte with high values of ionic conductivity without
loosing its dimensional stability. After dissolution with magnetic
stirring for 24 h, the solutions were dropped onto a Teflon disk
and evaporated under solvent saturated atmosphere conditions.
The films were detached from the Teflon disks after cooling in
liquid nitrogen and dried under vacuum for 144 h.

The ionic conductivity values were calculated from Nyquist
plots obtained by electrochemical impedance spectroscopy
(EIS). Measurements were performed with polymer electrolyte
films pressed between two mirror-polished stainless steel block-
ing electrodes in a Mbraun dry box ([H2O] < 0.0001%, under
argon atmosphere), using a Eco Chimie-Autolab PGSTAT 12
potentiostat with a FRA module. The frequency range analyzed
was 10 to 106 Hz with amplitudes of ±10 mV over the open
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ransition temperature (Tg) and a low degree of crystallinity. The
resence of a plasticizer also introduces a new path for salt dis-
ociation [17–21]. For example, Haque et al. reported on the
erformance and stability of a flexible solid-state DSSC based
pon dye-sensitized nanocrystalline Al2O3 coated TiO2 films
nd a plasticized polymer electrolyte of P(EPI-EO), EC, PC, NaI
nd I2. Such devices showed an energy conversion efficiency of
5.3% under 10 mW cm−2 [22], and this result encouraged the

esearch of other plasticizers for these systems.
In addition, the plasticized polymer electrolyte differs con-

iderably from gel electrolytes commonly used in DSSC. In this
ase, the ionic transport resembles that of a liquid system and the
olymer serves primarily as a support for the conducting matrix
17–21].

In the other hand, the stability of a device is also a crucial
ssue considering its commercial application but there is a lack
f information in the literature concerning the stability of DSSC
ssembled with polymer electrolytes. In this present work, we
ocused our efforts on the plasticizer effect of poly(ethylene
lycol)methyl ether with respect to the ionic conductivity, elec-
rochemical and thermal properties of a polymer electrolyte
ased on P(EPI-EO), NaI and I2 and its application in solid-
tate dye-sensitized TiO2 solar cells. We also investigated the
ole of the plasticizer on DSSC performance and stability.

. Experimental

.1. Ionic conductivity

Samples of poly(epichlorohydrin-co-ethylene oxide), P(EPI-
O), with a co-monomer ratio of 16/84, respectively, were
ircuit potential (VOC).

.2. Electrochemical characterization

The electrochemical properties of the polymer electrolyte
hat exhibited highest ionic conductivity was investigated using

symmetric thin-layer cell, where a polymer electrolyte film
as placed between two Pt coated glass-SnO2:F (glass-FTO,
artford glass, Rs ≤ 10 � cm−2) electrodes with an active area
f 1 cm2. The film thickness (ca. 40 �m) was controlled using
n adhesive tape. Cyclic voltammetry measurements were per-
ormed using a two-electrode configuration cell and the Eco
himie-Autolab PGSTAT 10 potentiostat in the potential range
f −0.4 to +0.4 V up to −1.4 to +1.4 V (versus Pt), at a scan-
ing rate of 10 mV s−1. The EIS measurements were performed
sing the Eco Chimie-Autolab PGSTAT 12 potentiostat with
RA module, over the frequency range from 10−2 to 106 Hz
ith amplitudes of ±10 mV over the VOC, and the results were

nalyzed using Boukamp software [23].

.3. Thermal analysis

The thermal properties of the polymer electrolytes with dif-
erent salt concentrations, prepared as described in Section 2.1,
ere characterized by differential scanning calorimetry (DSC)

nd thermogravimetric analysis (TGA). DSC curves were mea-
ured using a TA Instruments Thermal Analyser model 2100,
oupled to a TA 2100 Data Analysis System, under nitrogen
ow of 100 mL min−1 and according to the following procedure:
1) heating from room temperature to 250 ◦C at 20 ◦C min−1;
2) isothermal for 5 min at 250 ◦C; (3) cooling to −100 ◦C at
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10 ◦C min−1; (4) isothermal for 5 min at −100 ◦C and (5) sec-
ond heating to 250 ◦C at a heating rate of 10 ◦C min−1. TGA
curves were measured using a Thermogravimetric Analyser
model 2950 from TA Instruments. All measurements were done
under a continuous argon flow of 100 mL min−1, heating from
room temperature to 600 ◦C at a heating rate of 10 ◦C min−1.
Before TGA and DSC analysis, all samples were dried under
dynamic vacuum for 48 h to ensure elimination of solvent or
water residues.

2.4. Dye-sensitized TiO2 solar cells (DSSC)

DSSC were assembled using glass-FTO (Hartford glass,
Rs ≤ 10 � cm−2) and glass-ITO (Delta Technologies, Rs
≤ 30 � cm−2) electrodes as substrates for photoelectrode and
counter-electrode, respectively. Counter-electrodes (CE) were
prepared by sputter depositing a thin Pt film (400 Å) onto
glass-ITO electrodes. For preparation of photoelectrodes (active
area of 1 cm2), a small aliquot of TiO2 sol–gel suspen-
sion [24] was spread using a glass rod onto the glass-
FTO electrodes with an adhesive tape as spacer. The elec-
trodes were heated at 450 ◦C for 30 min, cooled to ∼80 ◦C
in a desiccator, immersed in a 1.5 × 10−4 mol L−1 solution
of the sensitizer dye cis-bis(isothiocyanato)bis(2,2′-bipyridyl-
4,4′-dicarboxylato)-ruthenium(II), Ruthenium-535, Solaronix)
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Fig. 1. Variation of the ionic conductivity of the polymer electrolytes: (�)
P(EPI-EO)/NaI/I2 and (�) P(EPI-EO)/P(EGME)/NaI/I2 as functions of NaI con-
centration (28 ± 1 ◦C, [H2O] < 0.0001%).

in Fig. 1. In the P(EPI-EO)/NaI/I2 system we can infer that the
increase in salt concentration leads to an increase of ionic con-
ductivity (σ) up to 11 wt.% of NaI, reaching a maximum value
of 1.9 × 10−5 S cm−1. By increasing NaI concentration above
this quantity, the conductivity shows a slow decrease due to the
formation of ion pairing and crosslinking sites that hinders the
segmental motion of the polymeric chains and as a consequence
the ionic mobility decreases [25]. By adding P(EGME) to the
polymer electrolyte, we observed a general increase in the ionic
conductivity of the system for all salt concentrations, reach-
ing a maximum value of 1.7 × 10−4 S cm−1 at 13 wt.% of NaI.
The addition of the plasticizer to the polymer electrolyte allows
dissolution of a higher amount of salt without significatively
changing the conductivity of the system, which remains on the
plateau of 10−4 S cm−1. This result is an interesting feature for
application in DSSC.

In addition, it is important to emphasize that these measure-
ments were made under a strictly controlled low-humidity atmo-
sphere ([H2O] < 0.0001%) since the presence of any residual
solvent or water can considerably affect the ionic conductivity,
masking the plasticizer effect [26].

3.2. Electrochemical characterization

The electrochemical properties of the polymer elec-
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n absolute ethanol for 16 h. After that, the electrodes were
insed with ethanol and dried. A film of the polymer electrolyte
as cast onto the sensitized electrodes under a saturated sol-
ent atmosphere. An alternative procedure for the deposition of
he polymer electrolyte solutions onto sensitized electrodes con-
isted in casting the solution onto the electrodes placed on a hot
late at 60 ◦C.

The final assembly of the DSSC was done by pressing the CE
gainst the sensitized electrode coated with the polymer elec-
rolyte. An adhesive tape (ca. 40 �m) was placed between the
wo electrodes, in order to control electrolyte film thickness and
o avoid short-circuiting of the cell, and the device was placed
n a desiccator with P2O5 for 2 h to remove moisture.

The DSSC devices were characterized on an optical bench
onsisting of an Oriel Xe (Hg) 250 W lamp. Water and cut-
ff filters were used to avoid IR and UV radiation. The light
ntensity was measured with a Newport Optical Power Meter.
urrent–potential curves (I–V curves) were obtained using linear

weep voltammetry at 1 mV s−1 using the Eco Chimie-Autolab
GSTAT 10 potentiostat. The stability tests were performed
aily, irradiating each cell for 1 h at 100 and 10 mW cm−2 in
hort-circuit conditions, for approximately 30 days.

. Results and discussion

.1. Ionic conductivity

The ionic conductivity can be calculated from the bulk
lectrolyte resistance value obtained from the complex
mpedance diagram. The ionic conductivities of P(EPI-EO)/
aI/I2 and P(EPI-EO)/P(EGME)/NaI/I2 samples (28 ± 1 ◦C,

H2O] < 0.0001%), with different salt concentrations are shown
rolytes that showed highest ionic conductivity values (P(EPI-
O) + 11 wt.% NaI + I2 and P(EPI-EO)/P(EGME) + 13 wt.%
aI + I2) were investigated using a symmetric thin-layer cell

eproducing the conditions used in a DSSC. Cyclic voltamme-
ry measurements revealed an electrochemical stability window
f 2.4 V (versus Pt) for both polymer electrolytes, indicating that
hese electrolytes are suitable for application in DSSC (data not
hown).

The EIS measurements carried out for the same systems
re represented by the Nyquist diagrams in Fig. 2. The results
evealed a decrease in the overall impedance with the addition
f plasticizer. The response at high frequencies can be attributed
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Fig. 2. Nyquist diagrams of the impedance spectra obtained for cells con-
sisting of polymer electrolyte films placed between two Pt electrodes: (�)
P(EPI-EO) + 11 wt.% NaI/I2 and (�) P(EPI-EO)/P(EGME) + 13 wt.% NaI/I2.
Experimental data are represented by symbols while the solid lines correspond
to fits obtained with Boukamp software using the equivalent circuit presented
in the insert.

to the Pt|electrolyte interface, while the response at low fre-
quencies can be associated with the diffusion process in the
electrolyte [27]. An equivalent circuit (shown in Fig. 2) rep-
resented by RS[Q1(R1O1)], was used to fit the EIS data using
Boukamp software [23]. In this circuit, the symbol R describes
a resistence; O, intrisically related to the parameters YO1 and
B, accounts for a finite-length Warburg diffusion (ZD), and Q is
the symbol for the constant phase element, CPE (its parameters
were YO2 and n) [27]. From the parameters obtained in the fit-
ting using the equivalent circuit described earlier, the diffusion
coefficient of the species (D) can be estimated from D = l2e/B

2

[28]. The diffusing length, le, can be considered as the thickness
between the electrodes (thickness of the adhesive tape, 40 �m).
From this, the value of D can be roughly estimated.

In our case, the D values increased from 4 × 10−7 to
2 × 10−6 cm−2 s−1 with the addition of the plasticizer. This
value is very close to the diffusion coefficient for I3

− species
in highly viscous solvents, such as N-methyl oxazolidinone
(2.8 × 10−6 cm2 s−1), and in acetonitrile in a TiO2 mem-
brane (3.4 × 10−6 cm2 s−1) [29,30]. To reach equilibrium during
charge transport across the cell it is necessary to have the same
D for the cation and the anion, and this was assumed by us in
this work. In order to estimate the value of D for the cation and
anion separately, it would be necessary to use dc impedance, as
stated in Ref. [31].

3.3. Thermal analysis

Table 1 exhibits the information obtained from the second
heating scan of DSC curves for the samples of P(EPI-EO)
and P(EPI-EO)/P(EGME) with different salt concentrations.
From these curves, it was possible to obtain the glass tran-
sition (Tg) and melting temperatures (Tm), and the melting
enthalpies (�Hm). The crystallinity degree (Xc) of the sam-
ples was calculated from Xc = (�H◦

m/�H◦
m) × 100%, where

�Hm and �H◦
m are the melting enthalpy of the sample and the

melting enthalpy of 100% pure crystalline poly(ethylene oxide),
respectively (∆H◦

m = 220.81 J g−1) [32]. In this study, it was
not possible to calculate Tm, �Hm and Xc for the copolymer in
P(EPI-EO) + P(EGME) systems because it occurs in the same
temperature range as the Tm for P(EGME).

The increase of salt concentration contributes to a decrease
in the crystallinity degree of the copolymer, as evidenced for
the P(EPI-EO)/NaI/I2 samples. As a consequence there is a
partial conversion of the crystalline phase (formed exclusively
by ethylene oxide units) into an amorphous phase after Na+

complexation [33]. The addition of the plasticizer, P(EGME),
shifts the polymer Tg to lower temperatures, indicating that this
plasticizer contributes to decrease polymer–polymer chain inter-
actions, hence, increasing the flexibility of the polymer chains.

The thermal stabilities of the polymer electrolyte samples
were determined by TGA and compared with the pure copolymer
(
a
a
l
t
m
o
p
t
d
t
c
[
i
e
b
f

T
D (EPI-

N

1
1
1
1
2

N ause i
able 1
ata obtained from the analysis of the DSC curves for P(EPI-EO)/NaI/I2 and P

aI/I2 (wt.%) P(EPI-EO)

Tm (±2 ◦C) Tg (±2 ◦C)

0 28 −53
9 36 −51
1 22 −50
3 21 −51
5 21 −50
7 23 −49
0 24 −49

ote: Tm for copolymer in the P(EPI-EO) + P(EGME) system is not shown bec
Fig. 3(a)). For the P(EPI-EO) sample, only one mass loss step
t 336 ◦C (maximum mass loss temperature, Tdec) is observed,
ssociated to thermal degradation of the copolymer, due to the
oss of chlorine radicals and production of HCl, in analogy to
he thermal degradation of poly(vinyl chloride) [25]. The poly-
er electrolyte sample with 11 wt.% of NaI presented a Tdec

f 324 ◦C, approximately 10 ◦C lower than the Tdec for the
ure copolymer, indicating that the presence of salt contributes
o decrease the thermal stability of the copolymer. This evi-
ence suggests an association of the excess of Na+ cations with
he chlorine atoms of the epichlorohydrin repeating units. The
ations weaken the C–Cl bond by removing electronic density
25,34]. The addition of P(EGME) leads to a slight decrease
n the thermal stability of the copolymer (Tdec = 298 ◦C). How-
ver, considering that most of the devices operate at temperatures
elow 120 ◦C, we conclude that the thermal stability is adequate
or these systems.

EO)/P(EGME)/NaI/I2 samples

P(EPI-EO) + P(EGME)

�Hm (J g−1) Xc (%) Tg (±2 ◦C)

26.9 12 −66
19.4 8.8 −58
13.2 6.0 −66
9.2 4.2 −61
8.2 3.7 −57
7.1 3.2 −67
6.4 2.9 −63

t occurs in the same temperature range as the Tm for P(EGME).
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Fig. 3. (a) Thermogravimetric curves for (—) P(EPI-EO), (- - -) P(EPI-EO) + 11 wt.% NaI/I2, (. . .) P(EGME) and (-·-) P(EPI-EO)/P(EGME) + 13 wt.% NaI/I2

samples. (b) Thermogravimetric curves for P(EPI-EO) + 11 wt.% NaI/I2 samples prepared by casting the polymer electrolyte under saturated solvent atmosphere:
(—) first and (- - -) fifth day.

Fig. 3(b) shows the thermogravimetric curves obtained for
polymer electrolyte samples containing P(EPI-EO) + 11 wt.% of
NaI + I2. These samples were prepared by casting the polymer
electrolyte under a saturated solvent atmosphere, reproducing
the conditions usually employed in a DSSC. Both samples were
prepared the same day and thermogravimetric analyses were
performed immediately after the preparation of one sample (first
day) and again on the fifth day. TGA curves for both samples
presented two mass loss steps. The first step was associated to
the loss of residual solvent and moisture and the second one
was associated to the thermal degradation of the copolymer, as
discussed earlier. For the sample analyzed in the first day, 50%
of mass loss is attributed to residual solvent and moisture. After
4 more days this loss was reduced to 10%. These results indicate
that casting the polymer electrolyte from a solution leaves a high
amount of residual solvent and moisture in the device. Thus, a
new methodology was employed to avoid residual solvent.

3.4. Dye-sensitized TiO2 solar cells (DSSC)

The current–potential curves (I–V) obtained under different
light intensities for a DSSC assembled with a P(EPI-EO) + 11%
NaI/I2 polymer electrolyte are represented in Fig. 4, and open
circuit potentials (VOC) ranging from 0.60 to 0.68 V were mea-
sured. When the irradiation intensity was increased from 10
t
0
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b
w
t
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behaviour was obtained in a previous study involving a simi-
lar DSSC assembled with P(EPI-EO) containing 9 wt.% of NaI
[36]. In this study [36], a DSSC device was irradiated daily for
12 h under 100 mW cm−2 and 12 h under 10 mW cm−2, for a
period of 70 days. The ISC decreased from 2.7 to 0.7 mA cm−2

(100 mW cm−2) after 35 days of continuous cell irradiation.
Our stability tests corroborate the data obtained from ther-

mogravimetric analysis, the initial drop in cell efficiency can
be related to the loss of residual solvent (in our case acetone)
which remains in polymer host. As the solvent evaporates, the
ionic conductivity of the polymer electrolyte decreases and, as a
consequence, the mobility of charge carriers. The loss of solvent
results in the formation of empty holes (spaces) contributing to
increased resistance and lowering the contact between the elec-

F
s
t

o 100 mW cm−2, the short-circuit current (ISC) changed from
.38 to 2.53 mA cm−2, and the energy conversion efficiency (η)
ecreased from 1.6 to 1.0%. These values are comparable to
ther studies and are lower than those exhibited by DSSC assem-
led with liquid electrolytes [11,35]. As expected, η decreases
ith the increase in light intensity due to the low ionic mobility of

he redox species in the polymer electrolyte retarding the kinet-
cs of the dye regeneration reaction. Fig. 5 shows the variation
f η as a function of time for this DSSC. The data revealed that
he cell performance showed a decrease of 75% in the ISC after
5 days (ISC = 0.67 mA cm−2 under 100 mW cm−2). A similar
ig. 4. Current–potential curves obtained under different light intensities for a
olid-state DSSC assembled with a P(EPI-EO) + 11 wt.% NaI/I2 polymer elec-
rolyte.
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Table 2
Data obtained from the I–V curves for the DSSC assembled with different polymer electrolytes deposited by casting at 60 ◦C

Polymer electrolyte Light intensity
(mW cm−2)

1st day 31st day

ISC (mA cm−2) VOC (V) η (%) ISC (mA cm−2) VOC (V) η (%)

P(EPI-EO) + 11% NaI/I2 100 0.55 0.75 0.19 0.49 0.73 0.17
10 0.28 0.70 0.88 0.25 0.67 0.69

P(EPI-EO) + P(EGME) + 13% NaI/I2 100 1.88 0.70 0.52 1.46 0.70 0.44
10 0.60 0.64 1.75 0.61 0.67 1.76

trodes. The presence of residual solvent after DSSC assembly
was also reported by Kim et al. [12]. In this work [12], a solid-
state DSSC employing poly(butyl acrylate) (PBA), NaI and I2, as
polymer electrolyte, presented an energy conversion efficiency
of 4% (10 mW cm−2) on the first day. However, η dropped to
1.66% after vacuum drying for 1 day, indicating the presence of
residual solvent after the device assembly.

Based on these results, we employed an alternative proce-
dure for the DSSC assembly. In this case, the deposition of
polymer electrolyte solution consisted of casting the solution
onto the TiO2/dye photoelectrode placed on a hot plate at 60 ◦C.
Haque et al. previously demonstrated that this simple procedure
results in a high degree of penetration of the polymer electrolyte
into the TiO2 film pores [22]. Since the plasticizer has a high
boiling point, it is not removed by this procedure. In addition,
by removing the residual acetone the empty spaces left behind
are readily replaced by the plasticizer. Table 2 summarizes the
results obtained from the I–V curves for DSSC assembled with
different polymer electrolytes using this new procedure. A sig-
nificant increase in performance of the DSSC is observed for
the DSSC assembled with the plasticized polymer electrolyte.
The evolution of η with time for both cells is represented in
Fig. 6 and shows that the performance of both cells remained
constant for 31 days. These results indicate that the removal of

F
s
N

Fig. 6. Variation of energy conversion efficiency as a function of time for
a solid-state DSSC assembled with different polymer electrolytes deposited
by casting at 60 ◦C: (�, �) P(EPI-EO) + 11 wt.% NaI/I2 and (�, �) P(EPI-
EO)/P(EGME) + 13 wt.% NaI/I2, under 10 mW cm−2 (open symbols) and
100 mW cm−2 (solid symbols).

acetone by heating contributes to improving the stability of the
DSSC.

4. Conclusion

The addition of poly(ethylene glycol)methyl ether to the
polymer electrolyte based on poly(epychlorydrin-co-ethylene
oxide), NaI and I2 contributed to increase the ionic conductivity
by one order of magnitude. The addition of the plasticizer did not
compromise the electrochemical, thermal and dimensional sta-
bilities of the polymer electrolyte. Our results indicate that using
a plasticized polymer electrolyte with some modification in cell
preparation are crucial for designing solid-state dye-sensitized
TiO2 solar cells with improved performance and stability.
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