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ABSTRACT: Dye-sensitized solar cells (DSSC) have received
considerable attention owing to their low preparation cost and
easy fabrication process. However, one of the drawbacks that
limits the further application of DSSC is their poor stability,
arising from the leakage and volatilization of the liquid organic
solvent in the electrolyte. Therefore, to improve the long-term
stability of DSSC, polymer gel electrolyte was studied to
replace the conventional liquid electrolyte in this work. The
results show that compared to liquid electrolyte, DSSC with
polymer gel electrolyte has a smaller short-circuit current (Jsc),
which decreases with the increase of the polymer gelator.
Nevertheless, with the employment of the polymer gel electrolyte, there is a significant enhancement of open-circuit voltage
(Voc), and it increases with the increase of the polymer gelator content. The highest Voc, up to 0.873 V, can be obtained for DSSC
with a 30% polymer gelator content. The impact of the polymer gel electrolyte on the photovoltaic performance of DSSC,
especially on Voc, was studied by analyzing the charge-transfer kinetics in the polymer gel electrolyte. Furthermore, the influence
of the polymer gel electrolyte on the long-term stability of DSSC was also investigated.
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1. INTRODUCTION

From the time that a dye-sensitized solar cell (DSSC) was
demonstrated by O’Regan and Graẗzel in 1991,1,2 it has
attracted considerable attention owing to its low production
cost and easy fabrication procedure, providing a promising
alternative to conventional silicon solar cells.3 DSSC was
constructed by a wide-band semiconductor mesoporous film
sensitized by dye molecules. On photo excitation, the photo
electrons are injected from excited dyes into the conducting
band of the oxide semiconductor, and the oxidized dyes are
regenerated by the redox couple in the electrolyte, whereas the
hole in the electrolyte is reduced at the Pt counter electrode.4

Although DSSCs have the potential to advance commercializa-
tion, there are some drawbacks that limit the commercial
application of DSSCs. The most commonly used electrolyte in
high-efficiency DSSCs is triiodide/iodide (I3

−/I−) dissolved in a
volatile organic solvent.5,6 However the leakage or volatilization
of the liquid solvent in the electrolyte significantly deteriorates
the long-term stability of the DSSCs. Thus, considerable efforts
have been made to replace the liquid electrolyte with a solid-
state electrolyte or quasi-solid-state electrolyte.7−10 As a solid-
state electrolyte, polymer electrolyte is usually formed by
dissolving alkali metal salts into polymer matrix. However, the
performance of a DSSC with polymer electrolyte is hampered
by the low ionic diffusion in the polymer matrix.11−13

Therefore, quasi-solid-state electrolyte, such as polymer gel
electrolyte, formed by liquid electrolyte trapped in the polymer

networks, has been suggested as the best choice for use in
DSSCs. The polymer gel electrolyte combines the advantages
of solid and liquid electrolytes, such as high stability and
superior ionic diffusion, and can also facilitate the penetration
of the electrolyte into the mesoporous TiO2 film. It has been
expected to be a promising candidate for the ideal electro-
lyte.14,15

From the time that a polymer gel electrolyte was reported to
be applied in electrochemical devices, it has received extensive
investigation. Various modifications of polymer systems were
carried out to improve the performance of the polymer gel
electrolyte. Compounds such as crown ether molecules, t-
bromomethylbenzene, and γ-butyrolactone have become
common additives to elaborate polymer gel electrolyte.16−18

Recently, owing to the unique property of room-temperature
ionic liquids (RTIL), polymer gel electrolytes incorporating
various RTIL were also attempted.19−23 Other investigations of
polymer gel electrolyte were focused on the nanostructure
fillings into the electrolyte, such as SiO2, TiO2 nanoparticles,
carbon nanotubes, and so on.24−27 Despite the fact that a
comparable performance of these polymer gel electrolytes has
been achieved, DSSCs with polymer gel electrolyte still show a
lower efficiency compared to those with liquid electrolyte. One
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of the main reasons is the insufficient understanding of the
charge-transfer kinetics in the polymer gel electrolyte. Many
studies are emphasizing the effect of the additives, whereas the
role of the gelator in the interfacial charge transfer is always
neglected. Here, in this research, we show an enhancement of
the open-circuit voltage (Voc) of a DSSC upon the employment
of polymer gel electrolyte, and we further analyze the charge-
transfer process in the polymer gel electrolyte to reveal the
origin of the influence of the gelator on the photovoltaic
performance of the DSSC.
Poly(ethylene oxide) (PEO) has been the most commonly

used polymer matrix to prepare polymer electrolyte because of
its excellent chemical stability and high ionic dissociation.28,29

Therefore, in this work, we applied PEO to solidify the liquid
phase for preparing polymer gel electrolytes. In contrast to the
liquid electrolyte, the ionic-transport characteristics of polymer
gel electrolyte were investigated. Of particular interest in this
work, we focused on the dependence of the polymer gelator
content on the Voc of the DSSC, and we discovered the origin
of the increased Voc with the employment of polymer gel
electrolyte by analyzing the impact of the polymer gel
electrolyte on the kinetics of charge transfer at the TiO2/
electrolyte interface. Furthermore, the charge transfer at the Pt
counter electrode was investigated, and we give a detailed
explanation of the electrochemical processes in the polymer gel
electrolyte. In addition, the long-term stability of the DSSCs
using polymer gel electrolyte was tested, and the effect of
gelator on the durability was analyzed.

2. EXPERIMENTAL SECTION
2.1. Materials and Electrolytes Preparation. PEO (MW 100

000), LiI (ultra dry, 99 wt %), ethylene carbonate (EC), and propylene
carbonate (PC) were purchased from Alfa Aesar. I2 was provided by
Shanghai Experiment Reagent Co. Ltd. 4-tert-butylpyridine (4-TBP)
was supplied by Sigma-Aldrich. N719 dye was purchased from
Solaronix (Switzerland). Acetonitrile, tert-butanol, terpinol, and ethyl
cellulose were from Sinopharm Chemical Reagent Co. Ltd. FTO
conducting glasses (14 Ω sq−1) were provided by Nippon Sheet Glass
Co. Ltd. (Japan), and H2PtCl6 was supplied by Chameleon Reagent.
First, the liquid electrolyte was prepared by adding the

predetermined amount of LiI (0.5 M), I2 (0.05 M), and 4-TBP (0.5
M) into the organic solvent containing EC and PC with a volume ratio
of 1:1. The resulting mixture was stirred until no solids were observed.
Polymer gel electrolytes were prepared by dissolving different amounts
of the polymer gelator (PEO) into the liquid electrolyte, with the
content of the gelator at 10, 15, 20, 25, and 30 wt %. The mixture was
stirred for 12 h to completely dissolve the PEO and was kept in air
conditioned at room temperature for 72 h for the polymerization.
2.2. DSSC Fabrication. TiO2 paste was prepared by mixing 25 wt

% P25 power (Degussa) with 75 wt % terpinol containing ethyl
cellulose. The TiO2 film electrode was prepared by screen printing the
TiO2 paste on the FTO glass followed by sintering at 450 °C for 1 h
and cooling to room temperature. The TiO2 film electrode was
sensitized by immersion into a 0.3 mM solution of N719 dye in
acetonitrile and tert-butanol (volume ratio 1:1) at room temperature
for 12 h. The Pt counter electrode was prepared by spreading a 10 mM
solution of H2PtCl6 in terpinol on FTO glass, which was heated at 450
°C for 1 h. Finally, the DSSCs were fabricated by the assembly of the
photoanode and counter electrode with thermoplastic film (Surlyn,
Dupont), and the internal spacer between the electrodes was filled
with the prepared electrolyte.
2.3. Electrochemical Characterization. A solar simulator with a

300 W xenon lamp (91160, Newport) was used to give 1 sun
illumination (AM 1.5, 100 mW cm−2). All of the electrochemical
measurements were carried out with an electrochemical workstation
(Zennium, Zahner). The current−voltage characteristics were

measured by applying a potential sweep to DSSC, and the generated
photocurrent was recorded as the potential sweep. Electrochemical
impedance spectroscopy (EIS) was measured in 1 sun illumination in
an open-circuit and in the dark, with a forward bias from 0.5 to 0.7 V
and with a frequency range from 105 to 10−1 Hz at an amplitude of 10
mV. The obtained spectra were fitted by Zview software (Scribner
Associates Inc.). The temperature dependence of the onic conductivity
was determined from the EIS measurements from 30 to 70 °C. The
polymer gel electrolytes were sandwiched in the Teflon ring gap
between two stainless steel electrodes, and the ionic conductivity was
calculated by the equation σ = L/ARb, where L is the thickness of the
polymer gel electrolyte, A is the surface area of the polymer gel
electrolyte, and Rb is the bulk resistance of the polymer gel electrolyte.
The mass transport characteristics of the electrolytes were investigated
by measuring the linear sweep voltammetry of the symmetrical dummy
cell from −1.5 to 1.5 V. The dummy cell is composed of two identical
Pt electrodes, with the electrolyte filled in the space gap between the
two electrodes.

3. RESULTS AND DISCUSSION
3.1. Photovoltaic Performance. Figure 1 shows the

current−voltage characteristics of the DSSCs employing liquid

and polymer gel electrolytes measured at 1 sun illumination.
The liquid electrolyte shows an open-circuit voltage (Voc) of
0.775 V, a short-circuit current density (Jsc) of 9.14 mA cm−2,
and a fill factor (FF) of 0.60, corresponding to a power
conversion efficiency (PCE) of 4.2%. The details of the
photovoltaic parameter summaries are listed in Table 1. It was
observed that the application of polymer gel electrolyte results
in an obvious enhancement of Voc compared with that of the
liquid electrolyte. The polymer gel electrolyte with 10% gelator

Figure 1. Current−voltage characteristics of the DSSCs employing
liquid electrolyte and polymer gel electrolytes with different gelator
content.

Table 1. Photovoltaic Parameters for the DSSCs Employing
Liquid Electrolyte and Polymer Gel Electrolytes

electrolyte (wt %) Voc (V) Jsc (mA cm−2) FF η (%)

0 0.775 9.14 0.60 4.2
10 0.810 8.46 0.60 4.1
15 0.825 7.54 0.63 3.9
20 0.832 7.22 0.60 3.6
25 0.842 6.86 0.54 3.1
30 0.873 3.03 0.79 2.1
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exhibits a Voc value of 0.810 V. Furthermore, the change in the
increment of gelator content leads to the gradual increase of
Voc, and the highest Voc value of 0.873 V is obtained for 30%
polymer gel electrolyte, which is approximately 100 mV higher
than that of the liquid electrolyte. However, the tendency of Jsc
is minimally different. The liquid electrolyte has the highest Jsc
owing to the superior ionic diffusion characteristics of the liquid
solvent. The Jsc of polymer gel electrolytes are lower than that
of liquid electrolyte, and they decrease with the increase of
gelator content. In addition, when the gelator content increases
to 30%, Jsc of DSSC decreases rapidly to 3.03 mA cm−2. The
decreased Jsc results from the slower ionic diffusion that occurs
with the introduction of the polymer gelator. Moreover, when
an excessive amount of gelator is introduced, the polymer gel
electrolyte is dominated by the crystalline polymer matrix,
which shows inferior ionic-transport performance and leads to
the decreases of Jsc.
3.2. Mass Transport in the Polymer Gel Electrolyte. To

clarify the dependence of Jsc on the composition of the
electrolytes, the mass transport characteristics of the electro-
lytes were investigated. Figure 2 shows the linear sweep

voltammetry of symmetrical dummy cells employing liquid
electrolyte and various polymer gel electrolytes. All of the
curves exhibit the platform of limiting current (Jlim), which is
determined by the diffusion of the charge carriers in the
electrolyte. The liquid electrolyte yields the largest Jlim;
however, the polymer gel electrolytes show a significant
decrease in Jlim. In addition, Jlim of the polymer gel electrolyte
decreases with the increase of the gelator content, which is in
agreement with Jsc of DSSC, confirming that the limited ionic-
diffusion flux leads to the lower Jsc of the polymer gel
electrolytes. From Jlim, we can calculate the diffusion coefficient
of triiodide according to the equation Jlim= 2nFCD/L, where n
is the number of electrons transferred in the electrode reaction,
F is the Faraday constant, C is the bulk concentration of
triiodide, D is the diffusion coefficient, and L is the thickness of
the spacer.30,31 The diffusion coefficient of triiodide for liquid
electrolyte is 4.58 × 10−6 cm2 s−1, whereas it is 2.73 × 10−6,
2.32 × 10−6, 1.83 × 10−6, 1.13 × 10−6, and 6.00 × 10−7 cm2 s−1

for the polymer gel electrolytes with gelator content increasing
from 10% to 30%, respectively. The diffusion coefficient of

triiodide in the liquid electrolyte is several times larger than that
for the polymer gel electrolyte, and it decreases with the
increase of the gelator content in polymer gel electrolyte. The
result suggests that the diffusion of triiodide in polymer gel
electrolyte is retarded by the polymer gelator.
To obtain further insight into the ionic-transport behavior in

the polymer gel electrolyte, ionic conductivity was measured.
Figure 3 shows the plots of the ionic conductivity against 1/T

for the polymer gel electrolytes, and the temperature
dependence exhibits an Arrehenius behavior that can be fitted
with the equation σ = σ0 exp(−EA/kT), where σ is the ionic
conductivity, EA is the activation energy, and k is Boltzmann’s
constant. It is shown that the ionic conductivity decreases with
the increase of gelator content, confirming that the ionic
transport is suppressed by the gelator in the polymer gel
electrolyte. Furthermore, the activation energy of the polymer
gel electrolyte also increases with the gelator content, which is
5.47, 7.15, 11.88, 13.19, and 15.41 kJ mol−1, respectively. The
results indicate that the charge-transport behavior is influenced
by the polymer gelator, which is in agreement with the result of
the diffusion coefficient of triiodide. In the polymer gel
electrolyte, the 3D polymer matrix holds the liquid solution via
cross links.32,33 With the changing increment of the polymer
gelator, the cross links between the polymer gelator and the
liquid solvent reduce the ionic-transport channel and thus
hinder the physical diffusion of the ions, which results in the
increase of the activation energy with the increase in the gelator
content.34 The results explain the decreased Jsc with the
increment of polymer gelator.

3.3. Origin of the Voltage Enhancement for the
Polymer Gel Electrolyte. The electrolyte has an apparent
influence on DSSC photovoltaic performance by affecting the
charge-carrier transfer kinetics. From the current−voltage
characteristics of DSSCs, it was observed that there is a
significant improvement of Voc upon the employment of
polymer gel electrolyte.
The measured Voc is defined as the potential different

between the quasi-Fermi level of the electrons in TiO2 under
illumination and the redox potential of the redox couple in the
electrolyte, which can be expressed as

= −qV E Eoc F redox (1)

Figure 2. Linear sweep voltammetry of symmetrical dummy cells
employing liquid electrolyte and polymer gel electrolytes with different
gelator content.

Figure 3. Temperature dependence of the ionic conductivity in
polymer gel electrolytes with different gelator content.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am4019548 | ACS Appl. Mater. Interfaces 2013, 5, 7886−78927888



The quasi-Fermi level of the electron in TiO2 is given by

= +E E kT
n
N

lnF C
c

C (2)

Thus, Voc is determined by

=
−

+
⎛
⎝⎜

⎞
⎠⎟V

kT
q

E E
kT

n
N

lnoc
C redox c

C (3)

where EF is the quasi-Fermi level of the electron in TiO2, Eredox
is the redox potential of the redox couple, EC is the conduction
band edge of TiO2, kT is the thermal energy, nc is the free
electron density in the conduction band of TiO2, and NC is the
density of the accessible state in the conduction band.
Therefore, it is noted that both the negative shift of the
conduction band edge of TiO2 (EC) and the higher density of
the free electron in the conduction band (nc) of TiO2 will give
rise to an increase in Voc. However, nc is determined by the
electron recombination rate at a given flux of illumination.
Hence, we can associate the enhancement of Voc with the shift
of the EC band edge and the interfacial charge recombination
kinetics at the TiO2/electrolyte interface.
To determine the influence of the polymer gel electrolyte on

the conduction band edge of TiO2, we carried out EIS
measurements on the electrolytes under dark conditions at
different bias. Figure 4 presents the effect of the applied voltage

on the chemical capacitance Cμ for the electrolytes. The applied
bias represents the potential differences between the quasi-
Fermi level of TiO2 and the redox potential of electrolyte. Cμ

reflects the accumulated electron density with the variation of
applied potential, which provides a quantitative estimation of
the EC band edge of TiO2. The capacitance, Cμ, can be
expressed as35,36

α α= − −μC L p
q N

kT
E E kT(1 ) exp[ ( )/ ]

2
L

redox C (4)

where L is the TiO2 film thickness, p is the porosity, and NL is
the density of trap states below the Ec of TiO2. From eq 4, it
was observed that, provided the identical geometrical
dimensions of the TiO2 photoanode, the variation of the
capacitance is equivalent to the shift of the EC band edge. As
shown in Figure 4, at a given capacitance the bias potential for

the polymer gel electrolyte is higher than that of the liquid
electrolyte, indicating the negative shift of the EC band edge of
TiO2 of the polymer gel electrolytes, which contributes to the
increase of Voc upon the introduction of the polymer gel
electrolyte.
To clarify the impacts of the polymer gel electrolyte on the

interfacial charge-transfer processes, we carried out the
measurement of the dark-current characteristics of DSSCs
with different electrolytes. Under dark conditions with forward
bias, the electrons are injected from the FTO glass into the
conduction band of TiO2 and then travel through the
mesoporous TiO2 film, where they are captured by the
triiodide in the electrolyte. The dark current indicates the
kinetics of the reaction of the injected electrons with triiodide
in the electrolyte. It was observed that under the same bias, the
liquid electrolyte has the largest dark current, indicating that the
liquid electrolyte has a larger recombination kinetic constant
compared with the polymer gel electrolyte, as shown in Figure
5. In addition, the dark current decreases with the increase of

gelator content, suggesting that the polymer gel electrolyte can
suppress the reaction of the injected electrons with the triiodide
in the electrolyte, and the recombination rate decreases with
the increment of the polymer gelator.
To clarify further the effect of the polymer gel electrolyte on

the interfacial charge-transfer processes, EIS under 1 sun
illumination at open circuit was performed. The EIS under
illumination exhibits three semicircles, as shown in Figure 6.
The high-frequency range represents the charge transfer at the
Pt counter electrode (Rct,pt), the middle-frequency range is
related to the charge transport (Rt)/recombination (Rct) at the
TiO2/electrolyte interface, and the low-frequency range is
assigned to the ionic diffusion in the electrolyte. The EIS can be
fitted with an equivalent circuit on the basis of the transmission
line model.37,38 To elucidate the interfacial charge-transfer
processes, here we focus on the middle-frequency semicircle.
The fitted charge-recombination resistance, Rct, is shown in
Figure 7. The Rct of the polymer gel electrolyte increases
compared with that of the liquid electrolyte. Moreover, it
increases with the increment of the gelator content. The
increased Rct represents the suppression of the charge
recombination at the TiO2/electrolyte interface. Furthermore,

Figure 4. Chemical capacitance, Cμ, as a function of applied bias
obtained from EIS under dark conditions.

Figure 5. Current−voltage characteristics of the DSSCs employing
liquid electrolyte and polymer gel electrolytes with different gelator
content under dark conditions.
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the electron lifetime, τn, which can be calculated from the
equation τn = RctCμ, also increases with the increase of gelator
content, as shown in Figure 7, implying that the electron
recombination is retarded with the employment of the polymer
gel electrolyte, which is consistent with the dark-current
characteristics.
From the above results, we can conclude that the

improvement of Voc originates from the negative shift of the
EC band edge of TiO2 and the suppression of electron
recombination at the TiO2/electrolyte interface. It is assumed
that when the electrons are injected into the conduction band
of TiO2 from the dye sensitizer the Li+ cations are likely to be
absorbed on the negative charged TiO2 particle, forming the
electric double layer (Helmholtz layer) at the TiO2 particle
surface. The potential drop in the Helmholtz layer, therefore,
gives a positive shift of the EC band edge of TiO2.

39−42

However, in the polymer gel electrolyte, PEO is used as the
gelator, and the ether oxygens in the polymer chain are
considered to be hard bases, which will form complex with hard
Li+ cations.43,44 Therefore, the Li+ cations are coordinated with
the PEO chain, correspondingly decreasing the amount of the
absorbed Li+ on the surface of TiO2 particle and thereby

resulting in the shift of the EC band edge back to a negative
position, as shown in Scheme 1. Furthermore, with the

employment of the polymer gel electrolyte, the gelator of PEO
is coated on the surface of the TiO2 particle as a passivation
layer, blocking the charge recombination between the electrons
in TiO2 and triiodide in the electrolyte, which results in the
decreased recombination and increased electron lifetime of the
polymer gel electrolytes.
Figure 8 shows the electron transport resistance, Rt, and

electron diffusion coefficient, De, of the electrolytes obtained by

fitting EIS with the equivalent circuit. The fitted parameters are
listed in Table 2. Rt increases and De decreases with the
increasing of the gelator content. The results can be also
explained by the theoretical model discussed above. It is
assumed that the electron diffusion coefficient, De, in the
mesoporous TiO2 film is influenced by the absorbed Li+

cations. The value of De increases with the increasing Li+

concentration, which is attributed to the effect of an ambipolar
diffusion mechanism.45−47 However, as the gelator content
increases, the concentration of Li+ decreases by the
coordination of Li+ with PEO chain, leading to the decrease
of diffusion coefficient De.

48 The results provide further
evidence for the effect of polymer gelator in the polymer gel
electrolyte, which serves as the passivation layer on surface of
TiO2, with Li

+ trapped in the ether oxygen units in the polymer
gelator. The role of the polymer gelator in the interfacial

Figure 6. EIS of the DSSCs employing liquid electrolyte and polymer
gel electrolytes with different gelator content obtained under AM 1.5
illumination at open circuit.

Figure 7. Charge recombination resistance, Rct, and electron lifetime,
τn, versus polymer gelator content.

Scheme 1. Illustrations of the Surface States and Energy
Bands at the TiO2/Electrolyte Interface in the DSSC
Employing Liquid Electrolyte and Polymer Gel Electrolyte

Figure 8. Charge transport resistance, Rt, and electron diffusion
coefficient, De, versus polymer gelator content.
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interaction leads to the negative shift of the EC band edge and
reduces the charge recombination, resulting in the enhance-
ment of Voc with the polymer gel electrolyte.
3.4. Charge Transfer at the Pt Counter Electrode.

From the EIS measurements under illumination, as shown in
Figure 6, it is should be noted that there are apparent
differences in the charge-transfer resistance, Rct,Pt, at the Pt
counter electrolyte. It has been confirmed that Rct,Pt increases
with the increment of the gelator content (Figure 6). The Rct,Pt
value for the liquid electrolyte is 1.21 Ω cm2, whereas the Rct
values for the polymer gel electrolyte with gelator content of
10, 15, 20, 25 and 30% are 1.78, 3.14, 5.29, 5.53, and 12.49 Ω
cm2, respectively. Strikingly, the Rct,Pt value of the 30% polymer
gel electrolyte is about 10 times larger than that of the liquid
electrolyte. At the Pt counter electrode, the electrons from the
external circle are transferred to the electrolyte through the
charge-transfer reaction between triiodide and iodide. Thus,
Rct,Pt indicates the performance of triiodide reduction at the Pt
counter electrode, which is influenced by the charge-transfer
process at the Pt counter electrode/electrolyte interface and the
ion concentration at the surface of counter electrode.
Therefore, the increased Rct,Pt in the polymer gel electrolyte
implies that the polymer gelator interferes the charge transfer at
the counter electrode. This is mainly attributed to the
adsorption of the gelator on the Pt counter electrode, which
prevents the contact of triiodide with the Pt counter electrode.
Furthermore, owing to the lower ionic diffusion in the polymer
gel electrolyte, the deviation of the surface concentrations of
triiodide also contributes to the large Rct,Pt in the polymer gel
electrolyte.49 The results suggest that the DSSCs with polymer
gel electrolyte can be further optimized by developing a more
suitable counter electrode for the polymer gel electrolyte.
3.5. Long-Term Stability of the Cells. The long-term

stability of DSSCs with liquid and polymer gel electrolytes was
investigated with a duration of 1100 h in air at room
temperature, and the results are shown in Figure 9. The Jsc
value of DSSCs with liquid electrolyte decays sharply by 200 h
(Figure 9a). The performance degradation is mainly because of
the solvent volatilization of the liquid electrolyte. When
polymer electrolytes are employed, the stability performance
is greatly improved. After 200 h of testing, Jsc for DSSC with
polymer gel electrolyte moderately increases. After 1100 h of
testing, the Jsc values for DSSC with polymer electrolytes of 10
and 15% gelator decrease sharply and remain at only 20 and
25% of the initial performance, which mainly arises from the
solvent permeation across the sealing film between the
electrodes. With the gelator content increasing, an improve-
ment in the stability can be observed. The Jsc values for DSSC
with 20, 25, and 30% gelator remain at 75, 92, and 100% of
their initial values, respectively. No degradation is observed for
DSSC with 30% gelator even after 1100 h testing, whereas the
Voc values of these DSSCs with different electrolytes remain
almost constant (Figure 9b). The results imply that the
polymer gel electrolyte can suppress the leakage or
volatilization of solvent, improving the durability and reliability
of the device. It can be concluded, therefore, that the polymer

gel electrolyte plays a dual role in DSSC, modulating the
interfacial charge-transfer kinetics for the enhancement of Voc
and improving the long-term stability of the DSSC. The
implications of this research give a direction for the pursuit of a
high-performance DSSC with further improved stability.

4. CONCLUSIONS
In this article, the enhancement of Voc and the long-term
stability of DSSC were studied using polymer gel electrolyte.
On the basis of the results and the analysis of the study, the
following conclusions can be made: (1) The employment of
polymer gel electrolyte can significantly enhance Voc. The
DSSC with the highest Voc of 0.873 V was obtained for the
polymer gel electrolyte with 30% gelator; (2) the analysis
confirms that the negative shift of the conduction band edge of

Table 2. Electron Transport Resistance, Rt, and Electron Diffusion Coefficient, De, of the DSSCs with Liquid Electrolyte and
Polymer Gel Electrolytes

electrolyte 0 wt % 10 wt % 15 wt % 20 wt % 25 wt % 30 wt %
Rt (Ω cm2) 4.40 4.86 6.36 9.06 10.24 33.79
De (cm

2 s−1) 6.77 × 10−5 5.85 × 10−5 4.30 × 10−5 2.93 × 10−5 2.95 × 10−5 9.61 × 10−6

Figure 9. Normalized Jsc (a) and Voc (b) values of the DSSCs
employing liquid electrolyte and polymer gel electrolytes with different
gelator content during 1100 h of testing.
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TiO2 and the suppression of charge recombination at the TiO2/
electrolyte interface in DSSCs with polymer gel electrolyte are
considered to be the major factors leading to the improvement
of Voc; (3) the addition of the polymer gelator would decrease
the Jsc of the DSSC because of the slow ionic diffusion in the
polymer gel electrolyte together with the limitation of the mass
transport in the electrolyte and the charge transfer at the Pt
counter electrode; and (4) DSSCs with polymer gel electrolyte
exhibit excellent durability and stability compared to that with
liquid electrolyte. After 1100 h of testing, no performance
degradation was observed for the DSSC with polymer gel
electrolyte of 30% gelator.
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