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Abstract

Poly(methyl acrylate) (PMA), poly(vinyl acetate) (PVAc) and poly(n-isopropylacrylamide) (PNIPAAm) with their
respective Tg of 6, 32, and 145 �C were employed to gel the LiI/I2/tertiary butylpyridine electrolyte system for preparation
of the gelled-type dye-sensitized solar cells (DSSC). The light-to-electricity conversion efficiencies of DSSCs gelled by
PMA, PVAc, and PNIPAAm were 7.17%, 5.62%, and 3.17%, respectively under simulated AM 1.5 sunlight irradiation,
implying that utilizing the polymer of lower Tg to gel the electrolytes leaded to better performance of the DSSCs. Their
short-circuit current density and IPCE also showed the similar trend. Electrochemical impedance spectroscopy of the
gelled DSSCs revealed that utilizing the polymer of lower Tg resulted in lower impedance associated with the Nernstian
diffusion within the electrolytes. The results were consistent with the observation that the molar conductivity of gelled elec-
trolytes was higher as the polymer of lower Tg was applied, which can be justified by Vogel–Tammann–Fulcher (VTF)
equation.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Dye-sensitized solar cells (DSSCs) based on a
monolayer of ruthenium dye adsorbing onto the
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nanocrystalline TiO2 layer have attracted significant
interest in past years, because of their high energy
conversion efficiency (g) and low production cost
[1–4]. Notably, g P 11% has been achieved in the
liquid-type DSSC sensitized with cis-di(thiocyanato)-
bis(2,20-bipyridyl-4,40-dicarboxylate)ruthenium(II)
dye. Basically, the sun light excites the dye to gener-
ate the excited electrons, which then inject into the
conduction band of TiO2. The resulting oxidized
dye needs immediately reduced by the redox couples
.
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such as I�/I�3 in solution before charge recombina-
tion. The oxidized redox couples were then reduced
in the counter electrode [5]. Thus, the electrolyte
system for charge separation and transportation
plays an important role to determine the photovol-
taic efficiency. Liquid solvents such as acetonitrile
have been normally employed for dissolving the
redox couples. However, they have problems of
leakage and evaporation [6–8].

Poly(ethylene oxide) (PEO)-based polymers,
copolymers and polyblends have been frequently
used to gel the electrolyte systems for the prepara-
tion of polymer-gelled DSSCs [9–17]. However,
owing to the tendency of crystallization of PEO seg-
ments that is detrimental to the ionic conductivity of
electrolytes [15], the reported energy conversion effi-
ciency (g) of prepared gelled-type DSSCs was never
over 4%. Other polymers that were used to gel the
electrolyte systems for the preparation of gelled
DSSCs showed scattered results [18–23]. For exam-
ple, the DSSC using poly(acrylonitrile) to gel the
electrolytes had g = 2.67% [18], whereas that using
poly(vinylidenefluoride-co-hexafluoropropylene) had
g > 6% [23]. However, so far there still has no sys-
tematic study to predict what type of the polymer
to gel the electrolyte system can obtain better
efficiency.

Notably, it has been suggested that photocurrent
(Jph) of the DSSCs is linearly proportional to the
diffusion coefficient of oxidized redox couples in
the solution [24]

J ph ¼ �zFD
dcoxðxÞ

dx
ð1Þ

where cox(x) is the concentration of oxidized redox
couples in solution at location x between the fluo-
rine-doped tin oxide (FTO)/TiO2 interface and the
counter electrode, z is the number of electrons trans-
ferred from TiO2 to an oxidized redox couple, D is
the diffusion coefficient of the oxidized redox cou-
ples, and F is the Faraday constant. In addition,
ionic conductivity (r) of the electrolytes including
the oxidized redox couples is related to their diffu-
sion coefficients by [23]

rðT Þ ¼
X

i

jzij2FcieDi

KBT
ð2Þ

where zi, ci, and Di are the charge, concentration
and diffusion coefficient of the ith ion, e is the elec-
tronic charge, T is the absolute temperature and KB

is the Boltzmann constant. Grätzel et al. [23] have
pointed out that the conductivity–temperature data
of polymer-gelled electrolytes were better fit by the
Vogel–Tammann–Fulcher (VTF) equation [25].

rðT Þ ¼ AT�1=2exp½�B=ðT � T 0Þ� ð3Þ

where A and B are constants and T0 is the tempera-
ture at which the diffusion of ions ceases to exist and
may be considered as the glass transition tempera-
ture of polymer-gelled system. Accordingly, by using
the polymer with lower Tg to gel the electrolyte sys-
tem in order to decrease T0, the conductivity should
be increased. As a result, the fabricated DSSC
should have more photocurrent and greater g.

Therefore, in the present work we have prepared
poly(methyl acrylate) (PMA), poly(vinyl acetate)
(PVAc) and poly(n-isopropyl acrylamide) (PNI-
PAAm) latices with their respective Tg of 6, 32,
and 145 �C via soap-free emulsion polymerization,
which were then employed to gel the LiI/I2/tertiary
butylpyridine (TBP) electrolyte solutions in acetoni-
trile and individually applied to fabricate the DSSCs
based on the cis-di(thiocyanato)bis(2,20-bipyridyl-
4,40-dicarboxylate)ruthenium(II) dye. Their photo-
voltaic properties such as photocurrent–voltage
characteristics, incident monochromatic photon to
current conversion efficiency (IPCE) and electro-
chemical impedance spectroscopy (EIS) were inves-
tigated. The results were then correlated with the
measured molar conductivity of polymer-gelled
electrolytes and the glass transition temperature of
gelatinizing polymers.

2. Experimental

2.1. Materials

Methyl acrylate (MA), vinyl acetate (VAc), and
n-isopropyl acrylamide (NIPAAm) monomers were
from Acros. MA and VAc were distilled and
NIPAAm was recrystallized before used. Potassium
persulfate (KPS, Acros) was directly used as an ini-
tiator for soap-free emulsion polymerization. Anhy-
drous lithium iodide (LiI), iodine (I2), poly(ethylene
glycol) (PEG, molecular weight of 20,000) and
4-tertiary butyl pyridine (TBP) were obtained from
Merck and titanium isopropoxide (TTIP, >98%)
was from Acros and used as such. Acetonitrile
and tertiary butanol were purchased from Merck.
The cis-di(thiocyanato)bis(2,20-bipyridyl-4,40-dicar-
boxylate)ruthenium(II) dye was the commercial
product by the trade name N3 obtained from
Solaronix S.A., Aubonne, Switzerland.
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PMA, PVAc and PNIPAAm latices were pre-
pared by soap-free emulsion polymerization [26–
28]. For preparation of PMA and PVAc latices,
9.5 g monomer was added into a three-neck flask,
which has already been loaded with 125 mL deion-
ized water and 0.3852 g KPS at room temperature.
The solutions were then heated to 70 �C with stir
and conducted polymerization overnight until no
further polymerization was detected. The resulting
latices were conglomerated by the addition of etha-
nol and then filtered, washed with de-ionized water
three times, and dried at 60 �C for one day. For
preparation of PNIPAAm latex, 2.26 g NIPAAm
monomer was added to the solution of 100 ml
deionized water and 0.11 g KPS. The solution was
heated to 80 �C with stir for polymerization. After
no further polymerization was detected (�3 h), the
latex were immediately filtered, washed with deion-
ized hot water (�80 �C) three times, and dried at
60 �C for one day. All the dried latices were ground
into a powder form.

2.2. Preparation of polymer-gelled electrolytes

The electrolyte solution composed of proper
amounts of LiI, I2, and TBP in acetonitrile was
prepared in dry box first. Then, the dried polymer
powders of PMA, PVAc, and PNIPAAm were indi-
vidually added to the electrolyte solution at the
amount of 25 vol% of acetonitrile, which were then
heated to 50 �C with sonication until the solutions
were homogeneously gelled. The final concentra-
tions of the polymer-gelled electrolytes were 0.5 M
LiI, 0.05 M I2 and 0.5 M TBP.

2.3. Preparation of TiO2 electrode and fabrication
of dye-sensitized Solar Cells

Gelled-type dye-sensitized solar cells were fabri-
cated using FTO glass (20–25 X/h) as subtracts
for both photoelectrode and counter-electrode [29].
The counter-electrodes were fabricated by deposit-
ing a thin Pt layer with sputtering. For preparation
of photoelectrode, a mesoporous nano-structured
film of anatase TiO2 coated on the FTO glass sub-
tracts was fabricated by sol–gel process according
to the literature [5]. In general, 72 mL TTIP was
added to 430 mL of 0.1 M HNO3. After vigorously
stirring for 30 min, the solution was heated to 85–
90 �C and kept stirring for 8 h for peptization. After
filtered to remove the large particles, the solution
was reacted in the autoclave at 240 �C for 12 h.
After cooled, it was concentrated to 13 wt% of
TiO2. PEG was then added to the solution in 30%
of TiO2 weight. After further stirring for 5 h to
obtain the TiO2 paste, it was deposited on the
FTO glass subtract using a glass rod for spreading
and an adhesive tape as a spacer to control the
thickness to �120 lm. The photoelectrode was
obtained by heating the TiO2 on the FTO glass in
an oven at 450 �C for 30 min and repeating the coat-
ing and heating process two more times to complete
the sintering process.

An active area of 0.25 cm2 was selected from the
sintered electrode, immersed in acetonitrile/teritiary
butanol mixed solvent (volume ratio 1:1) containing
3 � 10�4 M cis-di(thiocyanato) bis(2,20-bipyridyl-
4,40-dicarboxylate)ruthenium (II) for 24 h, rinsed
with acetone and dried. Three polymer-gelled electro-
lytes were then individually applied on the dye-sensi-
tized electrodes. However, in order to completely wet
the electrodes, they were heated up to �50 �C in
advance to lower the viscosity. The thickness of all
the polymer-gelled electrolytes was controlled to
�50 lm by the spacer. The assembly of gelled-type
DSSCs was done by pressing the counter-electrode
against the coated dye-sensitized electrode.

2.4. Characterization

Molecular weights of PMA, PVAc, and PNI-
PAAm were measured by gel permeation chroma-
tography (GPC). The measurement was carried
out at 40 �C with a Testhigh series III pump and a
Testhigh ultraviolet (UV) detector model 500. One
Phenol Gel 550A column and two Phenol Gel
MXL columns in series were used with tetrahydro-
furan as a mobile phase (1 mL/min). The molecular
weights and molecular weight distributions were
estimated by reference to the polystyrene standard.
Glassy transition temperature was measured by
using a differential scanning calorimeter (DSC, Per-
kin–Elmer Pyris 6) at a heating rate of 10 �C/min.
The viscosity of individual polymer-gelled electro-
lytes was measured by using a Brookfield Model
LVDV II viscometer. Their ionic conductivities
after gradual dilution with acetonitrile were mea-
sured by using a Radiometer Copenhagen CDC-
230 conductivity meter thermostated at 30 �C with
a deviation of 0.01 �C [30,31]. UV/vis absorption
spectrum of cis-di(thiocyanato)bis(2,20-bipyridyl-
4,40-dicarboxylate)ruthenium (II) solution in aceto-
nitrile/teritiary butanol mixed solvent was recorded
on a Jasco model 555 spectrometer.
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Fig. 1. DSC thermograms of: (a) PMA, (b) PVAc, and (c)
PNIPAAm.

Table 1
Properties of polymers

Mn � 104 PDI Tg (�C)

PMA 8.78 1.84 6
PVAc 30.37 2.14 32
PNIPAAm 30.28 2.13 145
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2.5. Photoelectrochemical measurements

The photoelectrochemical characterizations of
the DSSCs were carried out using an AM 1.5 simu-
lated light radiation. The light source was emitted
from a 450 W Xe lamp (Oriel, #6266) equipped with
a water-based IR filter and AM 1.5 filter (Oriel,
#81075). The open-circuit voltages (Voc) and photo-
current–voltage curves were recorded with a
potentiostat/galvanostat (PGSTAT 30, Autolab,
Eco-Chemie, Netherland). For the IPCE measure-
ment, light from a 450 W xenon lamp was focused
through a Triax-180 double monochromator (Jobin
Yvon Ltd., UK) onto the photovoltaic cell under
test. The monochromator was scanned through
the UV/vis spectrum to generate the IPCE as
defined IPCE = 1240(Jsc/kw), where k is the wave-
length, Jsc is the short-circuit current (mA/cm2),
and w is the incident irradiative flux (W/m2).

AC impedance measurements were performed
with the above-mentioned potentiostat/galvanostat
equipped with FRA2 module under constant light
illumination of 100 mW/cm2. The frequency range
explored was 65 kHz to 10 mHz. The applied bias
voltage and ac amplitude were set at open-circuit
voltage of the DSSCs and 10 mV, respectively
between the counter-electrode and the photoelec-
trode, starting from the short-circuit condition
[14,32].

3. Results and discussion

3.1. Glass transition temperature and ionic

conductivity

Fig. 1 shows the DSC thermograms of PMA,
PVAc and PNIPAAm polymers measured at a scan-
ning rate of 10 �C/min. Their Tg estimated from the
step change of the curves were listed in Table 1
along with the measured number average molecular
weights and polydispersity indexes (PDI). All three
polymers are vinyl polymers but carry different side
groups. PMA is isomeric with PVAc but its Tg is
much lower owing to the fact that hindrance to
rotation offered by the ester side groups in the acry-
late is less than in the acetate [33]. PNIPAAm has
the highest Tg owing to the hydrogen bonding pro-
vided by the n-isopropyl acrylamide side groups. As
PMA, PVAc and PNIPAAm polymers were
employed to gel the 0.5 M LiI/0.05 M I2/0.5 M
TBP electrolyte system in acetonitrile, the viscosity
was increased to 3630, 2360, and 800 poise, respec-
tively. On the contrary, because the polymers were
plasticized by acetonitrile, their glass transition tem-
perature was significantly decreased according to
the Kelly and Bueche equation [34].

T g ¼
vpT g;pðal � agÞ þ vdT g;dad

vpðal � agÞ þ vdad

ð4Þ

where Tg,p and Tg,d are the glass transition temper-
ature of polymers and acetonitrile, vp and vd are
the volume fractions of polymers and acetonitrile,
al � ag is the difference between thermal expansion
coefficients of liquid state and glassy state of
polymers, and ad is the thermal expansion coeffi-
cient of acetonitrile. If 49 �K is adopted as the Tg



Table 2
Estimated conductivity data of polymer-gelled LiI/I2/TBP elec-
trolytes in acetonitrile

K0

(S cm2/
mol)

K (S cm2/mol) at 0.5 M
LiI at 0.5 M LiI

r (mS/cm) at
0.5 M LiI

PMA 101.34 51.73 25.87
PVAc 80.97 37.54 18.77
PNIPAAm 32.25 6.72 3.36
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Fig. 3. Photocurrent-voltage characterization plots of the DSSCs
with (—) PMA-gelled, (–) PVAc-gelled, and (- -) PNIPAAm-
gelled 0.5 M LiI/0.05 M I2/0.5 M TBP electrolyte systems under
AM 1.5 and 100 mW/cm2 illumination.
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of acetonitrile [35], and al � ag = 4.8 � 10�4 �K�1

and ad = 1.0 � 10�3 �K�1 were adopted [33], Tg of
the PMA-gelled, PVAc-gelled and PNIPAAm-
gelled systems can be estimated as 80.7, 84.3, and
99.9 �K, respectively on the basis of Eq. (4).

Because the viscosity of polymer-gelled electro-
lytes was too high for the measurement of ionic
conductivity, they were diluted by acetonitrile. Since
only LiI is a strong electrolyte, its concentration
after dilution was used as a parameter to estimate
the molar conductivity and the results with respect
to the square root of concentration were plotted in
Fig. 2. According to Kohlrausch’s law for the molar
conductivity of strong electrolytes [36]

K ¼ K0 � j
ffiffiffi
c
p

ð5Þ
where K0 is the limiting molar conductivity, c is the
concentration, and j is a constant. Thus, the limit-
ing molar conductivities and molar conductivities
at 0.5 M LiI for all three polymer-gelled electrolyte
systems can be estimated by Eq. (5). The molar con-
ductivity of LiI at 0.5 M was then converted into the
ionic conductivity by r ¼ K� c. The results were
listed in Table 2, indicating that the polymer-gelled
electrolyte system with higher Tg has lower ionic
conductivity, which can be justified by the VFT
equation as shown in Eq. (3).

3.2. Photocurrent–voltage characteristics

Fig. 3 shows the photocurrent–voltage character-
ization plots of the DSSCs gelled with PMA, PVac,
and PNIPAAm, respectively. Their Jsc, Voc, g, and
fill factor were summarized in Table 3. It is amazing
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Fig. 2. Molar conductivities as a function of the square root of
LiI concentration after gradual dilution with acetonitrile for the
(h) PMA-gelled, (s) PVAc-gelled, and (D) PNIPAAm-gelled
0.5 M LiI/0.05 M I2/0.5 M TBP electrolyte systems.
to find that all the Jsc, Voc and g were increased with
decreasing the Tg of gelatinizing polymers. Espe-
cially, the DSSCs gelled with PMA has g = 7.17%,
next to the highest 7.72% even reported in the liter-
ature for the polymer-gelled DSSC [37]. The poly-
mer-gelled electrolyte systems that provided higher
photocurrent for the DSSC also showed higher
ionic conductivity, which can be justified by Eqs.
(1) and (2). In brief, the diffusion coefficient of oxi-
dized redox couples is greater with higher ionic con-
ductivity, leading to the increase of photocurrent.

Fig. 4 shows the IPCE spectra of the DSSCs gelled
with PMA, PVAc, and PNIPAAm, respectively. The
UV/vis absorption spectrum of cis-di(thiocyanato)-
bis(2,20-bipyridyl-4,40-dicarboxylate)ruthenium (II)
in solution was also included for comparison.
Although the DSSCs with higher power efficiency
have greater IPCE, all of the IPCE spectra have
roughly similar pattern as the UV/vis absorption
spectrum of the dye.

3.3. Electrochemical impedance spectroscopy analysis

The electrochemical impedance spectroscopy
(EIS) technique has been used to characterize the
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Table 3
Photovoltaic characteristics and EIS impedance data of DSSCs gelled with different polymers

Voc (V) Jsc (mA/cm2) g (%) Fill factor Rs (X) R1 (X) R2 (X) R3 (X)

PMA 0.78 15.64 7.17 0.59 23.19 7.79 18.6 12.64
PVAc 0.73 14.28 5.62 0.54 27.28 7.56 11.65 13.98
PNIPAAm 0.72 7.28 3.17 0.60 39.05 10.1 29.43 59.15
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kinetics of the DSSCs by analyzing the variation in
impedances associated with the different configura-
tions [38–40]. In this work, the analysis was mainly
aimed at the Nyquist plots for the DSSCs gelled
with PMA, PVAc and PNIPAAm, respectively
under open-circuit voltage and 100 mW/cm2 illumi-
nation. All the impedance spectra shown in Fig. 5
illustrated three semicircles in the measured fre-
quency range of 65 kHz–10 mHz. Notably, Rs, the
ohmic serial resistance, is associated with the series
resistance of the electrolytes and electric contacts
in the DSSCs [29]. R1, the charge transfer resistance,
occurs at the Pt counter-electrode. R2 has been asso-
ciated with the resistance at the TiO2/dye/electrolyte
interface, whereas R3 has been associated with the
Nernstian diffusion within the electrolytes [39]. All
the measured impedance data for the polymer-
gelled DSSCs are also included in Table 3. Appar-
ently, the DSSC gelled with PNIPAAm has the
highest resistances in the current path across the
device. Besides, the trend of changes for Rs and
R3 with different gelatinizing polymers follows the
similar trend of ionic conductivities and photocur-
rents. Notably, the substantial reduction of power
efficiency for PVAc-gelled DSSC compared to the
PMA-gelled one was also related to its lower Voc

(see Table 3). After all, it can be certain that using
the polymer with lower Tg to gel the electrolyte sys-
tem plays a decisive role to enhance the photocur-
rent and powder efficiency of DSSC.

4. Conclusions

PMA, PVAc, and PNIPAAm latices fabri-
cated by soap-free emulsion polymerization were
employed to gel the 0.5 M LiI/0.05 M I2/0.5 M
TBP electrolytes in acetonitrile for preparation of
the gelled-type DSSCs. Photocurrent, power effi-
ciency and IPCE of the DSSCs were increased as
the polymer of lower Tg was used to gel the electro-
lytes, owing to the fact that it contributes to the
increase of ionic conductivity as predicted by the
VFT equation. The electrochemical impedance
spectroscopy of polymer-gelled DSSCs also indi-
cated less resistance associated with the Nernstian
diffusion within the electrolytes as the polymer
of lower Tg was adopted. Notably, the power
efficiency of PMA-gelled DSSC can reach 7.17%,
next to the highest value ever reported in the
literature.
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