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A  stable  quasi-solid-state  dye-sensitized  solar  cell  (DSC)  with  a novel  amphiphilic  polymer  gel electrolyte
(APGE)  based  on  poly(lactic  acid-co-glycolic  acid)  (PLGA)  is  fabricated.  The  APGE  could  be  readily  prepared
by a  simple  method  at low  temperature  of  50 ◦C  and  exhibits  a quasi-solid  property,  high  conductivity,
and  long-term  stability.  The  20 and  40  wt%  APGE-based  DSCs  show  high  photovoltaic  conversion  effi-
eywords:
olymer gel electrolytes
ye-sensitized solar cells
oly(lactic acid-co-glycolic acid)
mphiphilic

ciency  of  7.5  and  7.4%,  respectively,  under  AM  1.5 simulated  sunlight,  which  is comparable  to  the  liquid
electrolyte-based  DSC  with  the  efficiency  of  7.6%.  The  40  wt%  APGE-based  DSC  maintains  95%  of  the  initial
performance  after  60  days  in  practical  conditions.  It  is also  noteworthy  that  the  APGE  endows  with  higher
short-circuit  current  density  than  the  liquid  electrolyte.  Different  natures  of  the  APGE  from  the  typical
polymer  gel  electrolytes  have  been  elucidated  by  the  I–V  measurements,  electrochemical  impedance
spectroscopy,  electrophoretic  measurements,  and  transmission  electron  microscopy.
. Introduction

Dye-sensitized solar cells (DSCs), first introduced by O’Regan
nd Grätzel in 1991, opened completely new prospects for pho-
ovoltaic devices [1].  Due to relatively low fabrication cost and
he high photovoltaic conversion efficiencies, they have received
onsiderable attention as a promising alternative for conventional
olar cells. Typical DSCs are built up with three major compart-
ents; a mesoporous nanocrystalline TiO2 film sensitized by a dye
or light harvesting, a redox mediator for dye-regeneration, and a
latinized counter electrode for reduction of the redox couple. Pho-
oexcited electron injection from the dyes into the conduction band

Abbreviations: DSC, dye-sensitized solar cell; PGE, polymer gel electrolyte;
PGE, amphiphilic polymer gel electrolyte; PLGA, poly(lactic acid-co-glycolic acid);
TO, fluorine-doped tin oxide; EIS, electrochemical impedance spectroscopy; TEM,
ransmission electron microscope; VTF, Vogel–Tammann–Fulcher; Jsc , short-circuit
urrent density; Voc , open-circuit voltage; FF,  fill factor; F, the Faraday constant; Di ,
he diffusivity of species i; ci(∞), the concentration of species i in bulk; ıi , the dif-
usion layer thickness; v, the particle velocity; �, the solvent viscosity; ε, dielectric
onstant; E, the magnitude of the applied electric field; �, the zeta potential of par-
icles; kr , the rate constant of the recombination; cox , the concentration of oxidant
I3

−); n0, the electron population in the TiO2 conduction band in the dark; n, the
lectron population in the TiO2 conduction band in the light; p, the orders of the
eaction for I3

−; q, the orders of the reaction for the electrons; �, the conductivity of
he  electrolyte; A, a pre-exponential factor; B, a constant related to the critical free
olume for ion transporting; T0, a reference temperature at which the structural
elaxation of solvent becomes zero; Tg, the glass transition temperature.
∗ Corresponding author. Tel.: +82 54 2792265; fax: +82 54 2798619.
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of the TiO2 film initiates charge separation driven by the poten-
tial difference between them [2].  The redox couple subsequently
regenerates the oxidized dye and conveys the resulting holes to
the counter electrode to be reduced. It is reported by Grätzel et al.
[3] that DSCs with liquid electrolytes of the I3−/I− redox couple
have already attained a high photovoltaic conversion efficiencies of
11%. However, the presence of liquid solvents may  cause substan-
tial problems with long-term operation and robust sealing, which
hampers large-scale outdoor applications of DSCs. Thus, solid-state
and quasi-solid-state electrolytes such as polymer gel electrolytes
[4–10], organic and inorganic hole-transporting materials [11–17],
ionic liquids [18–22],  and polymer electrolytes [23–28] have been
suggested in order to replace the liquid electrolyte and guarantee
long-term stability. Among the alternative electrolytes, polymer
gel electrolytes (PGEs) could mitigate the leakage by retaining sol-
vent molecules in the polymer matrices through immobilization
and plasticization of organic solvents. Because of their gel charac-
teristic, PGEs typically show high ionic conductivity comparable to
the liquid electrolyte, reasonable permeability into the inner struc-
ture of the TiO2 film, and negligible vapor pressure. In the past,
however, most PGEs have low polymer content less than 20 wt%
in order to attain reasonable ionic conductivities [29], and a large
amount of the solvent cannot be retained.

In this paper, poly(lactic acid-co-glycolic acid) (PLGA) was incor-
porated into a acetonitrile-based liquid electrolyte in order to

obtain a quasi-solid-state electrolyte. PLGA is a linear amphiphilic
copolymer of hydrophobic lactides/hydrophilic glycolides, and
widely used to deliver biomedical drugs due to its good
mechanical properties, low toxicity, and structural amorphousness

dx.doi.org/10.1016/j.jpowsour.2011.08.053
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:srhee@postech.ac.kr
dx.doi.org/10.1016/j.jpowsour.2011.08.053
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low-crystallinity) [30]. Thus, it is expected that the PLGA-based
GE enables high ionic conduction and robustness of DSCs. Fur-
hermore, PLGA is a thermoplastic which turns to the liquid phase
ear its glass-transition temperature in the range of 40–60 ◦C and

t will show a liquid-like behavior at the operation temperature of
SCs. It will lead to complete wetting of the TiO2 film and fast dif-

usive ion-transporting apart from any loss of the solvent and salts.
he newly developed APGE not only resolves the problems of liquid
lectrolytes but also provides deep understanding of the polymeric
ffects on the cell performance.

. Experimental details

.1. Materials

Acetonitrile, tert-butyl alcohol, iodine (I2), and 4-tert-
utylpyridine were purchased from Aldrich, and used without any
urther purification. 1-Butyl-3-methylimidazolium iodide (BMII)
as supplied commercially by Tokyo Chemical Industry (TCI), and
sed as received. Poly (lactic acid-co-glycolic acid) with the com-
osition rate of 50:50 and the weight-average molecular weight
f 20,000 g mol−1 (PLGA-5020, Laboratory Grade) was  purchased
rom Wako, Japan. TiO2 nanocrystal pastes (Ti-Nanoxide T20/SP),
is-diisothiocyanato-bis(2,2′-bipyridyl-4,4′-dicarboxylato) ruthe-
ium(II) bis (tetrabutyl-ammonium) (N719), and transparent
onducting glass (FTO glass) substrates with a sheet resistance of
1 � square−1 were purchased from Solaronix SA, Switzerland.
itanium (IV) oxide anatase nanopowder ca. 25 nm for the �-
otential measurement and the transmission electron microscopy
TEM) images was obtained from Aldrich, and cleaned by 5 M
aOH and 5 M HNO3 prior to use.

.2. Preparation of mesoporous TiO2 films

The FTO glass substrate was cut into 1.5 cm × 1.25 cm pieces
nd cleaned ultrasonically with deionized water, ethanol, and ace-
one. Subsequently, a mesoporous TiO2 film with the thickness of
a. 15 �m was prepared on the substrate by screen-printing four
imes, where each step of printing includes relaxation for 3 min  to
educe the surface irregularity and drying at 120 ◦C for 7 min. The
lm was then sintered at 500 ◦C for 30 min  to remove any residual
ispersant. For efficiency measurements, the resulting transparent
lm was subsequently placed in a 0.02 M aqueous solution of TiCl4

or 12 h at room temperature, and baked once again at 500 ◦C for
0 min. After cooling down to 80 ◦C, the TiO2 film was immersed in

 0.3 mM N719 dye solution in a mixture of acetonitrile and tert-
utyl alcohol (vol. ratio, 1:1) and kept at room temperature for 24 h
o assure complete adsorption of the sensitizer.

.3. Preparation of the APGE

0.6 M BMII and 0.06 M I2 were dissolved into 20 ml  acetonitrile
nd subsequently a certain amount of PLGA (0 wt% for the liquid
lectrolyte) was added to the mixture. The mixture was  stirred
vernight at 50 ◦C under argon atmosphere to form a homoge-
eous and viscous APGE. Prior to use, the routine additive 0.5 M
-tert-butylpyridine (tBP) was added to the APGE.

.4. Assembly of DSCs and symmetric cells

The counter electrode was prepared by thermal platinization
Platisol, Solaronix) of the FTO glass substrate at 400 ◦C for 15 min,

nd then assembled with the TiO2 photoelectrode. For symmetric Pt
hin-layer cells, two identical platinized electrodes were used. For
oth the DSC and the symmetric cell, two electrodes were separated
y a 60 �m-thick hot-melting squared frame with a 1.5 mm-wide
ources 196 (2011) 10532– 10537 10533

strip (Surlyn SX 1170, Solaronix), and sealed up by heating at
120 ◦C. The internal space between the electrodes was filled with
the APGE at 50 ◦C through the electrolyte-injection holes drilled
in the counter electrode. The holes were afterward sealed with a
Surlyn sheet and a thin glass cover by heating.

2.5. Measurements

The photovoltaic characterization of the DSCs was carried out
by a digital source meter (Keithley 2400) under AM 1.5 simulated
illumination from a 300 W xenon lamp (Newport 92251A). The dif-
fusive current plateaus for the symmetric Pt cells were obtained
by the same device without illumination. The incident light inten-
sity was calibrated by using a standard reference silicon solar cell
(PV Measurement Inc.). The electrochemical impedance spectro-
scope (EIS) measurements were performed by Biologic SP-200 in
the frequency range of 100 mHz  to 100 kHz at open-circuit voltage.
Electrokinetic �-potential of the TiO2 nanoparticle and conductiv-
ity of the APGE were measured by Zetasizer Nano ZS90 (Malvern)
equipped with the reusable Dip Cell. The hydrogen ion concentra-
tion measurements were performed by Orion pH Meter (Thermo)
with the Ag/AgCl electrode. The viscosity of the APGE was mea-
sured by DV-II Pro viscometer (Brookfield). TEM images of the
TiO2 nanoparticles-PLGA composite were obtained using Hitachi
H-7650 with the accelerating voltage of 120 kV.

3. Results and discussion

3.1. Mass-transfer plateaus from the symmetric cells

In an electrochemical system, electric current is controlled by
both reaction kinetics and mass transfer. The reaction kinetic-
controlled region can be characterized by current densities growing
exponentially as a function of potential. On the other hand, the
mass transfer-controlled region manifests itself as current density
plateaus independent of potential. The mass transfer-limited cur-
rent density can be obtained in terms of the bulk concentration and
diffusivity of the limiting reactant as [31]

Ilim = −nFDici(∞)
ıi

(1)

where n is the number of electrons transferred, F is the Faraday
constant, Di is the diffusivity of species i, ci(∞) is the concentra-
tion of species i in bulk, and ıi is the diffusion layer thickness.
In Fig. 1a, the mass transfer control (plateau) of the Pt thin-layer
symmetric cells intensifies, i.e., the mass transfer-limited current
density decreases, as the PLGA content increases. One should note
that the polymer concentration (∼10−4 M)  can be negligible com-
pared with the ion concentration in bulk (∼10−2 M).  Then, the ion
concentration in the electrolyte is now assumed constant, and the
only variable in Eq. (1) is the diffusivity, Di. Thus, we  concluded that
the polymer molecules should hinder the ion transport throughout
the medium. The 40 wt%  APGE shows the mass transfer-limited cur-
rent density of ca. 15 mA cm−2, which is 60% of the value obtained
in the liquid electrolyte at the same voltage. Fig. 1b shows that the
resistance of the arcs in the low frequency range (the Nernst diffu-
sion impedance) increases proportional to the PLGA content, which
coincides with the results obtained above.

3.2. Effects of PLGA on Jsc and Voc in the APGE-based DSCs

Fig. 2 shows the short-circuit current densities (Jsc) and open-

circuit voltages (Voc) of the full cells with the APGE for different
PLGA contents under simulated AM 1.5 illumination. The APGEs
used here contain no intercalative alkali cation such as Li+, Na+,
and K+ in order to suppress any alternation in Jsc and Voc due to
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ig. 1. Effect of the PLGA content on (a) the diffusive current plateaus and (b) the
mpedance spectra of the symmetric Pt thin-layer cells.

he adsorbed cations on the TiO2 surface [32]. Interestingly, both

sc and Voc of the APGE show a quite different behavior from the typ-
cal PGEs reported in previous researches [4–10,33]. Nevertheless
he ionic conductivity of the APGE decreases as the PLGA content

ig. 2. Jsc and Voc of the DSCs with APGE for different PLGA contents under sim-
lated AM 1.5 illumination. The concentrations of BMII and I2 are 0.6 and 0.06 M,
espectively. The data for each point are collected from 10 respective samples.
Fig. 3. Effect of the PLGA content on (a) electrokinetic �-potential of undyed TiO2

nanoparticles dispersed in acetonitrile, and (b) hydrogen ion concentrations (nor-
malized) of the PLGA solution in acetonitrile.

increases, Jsc increases with the increase of the PLGA content and
then gradually decreases after reaching a maximum for 20 wt%. On
the other hand, Voc undergoes an exponential decrease as the PLGA
content increases. Under the condition of the high I− concentration
used in this study, the effect of PLGA on the redox potential is negli-
gible so that the decrease in Voc infers a shift of the TiO2 conduction
band edge downward with respect to the vacuum level. The down-
ward band-edge shift leads to high electron-injection potential and
low recombination rate, resulting in the increase of Jsc [34]. For the
PLGA content less than 20 wt%, the effects of the band-edge shift
dominate over the additional diffusion resistance induced by the
polymer molecules and Jsc increases. However, the polymeric dif-
fusion resistance becomes substantial at the PLGA contents higher
than 20 wt% and limits the current flow to reduce Jsc gradually even
when Voc decreases. Thus, PLGA has two competitive effects on the
magnitude of Jsc: one is the downward shift of the TiO2 conduction
band edge and the other is the induction of the additional diffusion
resistance.

3.3. Origin of lowering Voc with the increase of the PLGA content

Electrophoretic measurements were carried out to elucidate the
interaction of PLGA with the TiO2 nanoparticles. The �-potential of
the particle can be determined using the Henry equation

� = 3v�

2εEf (�a)
(2)

where v is the particle velocity, � is the solvent viscosity, ε is
its dielectric constant, E is the magnitude of the applied electric
field, and f(�a) is a function in which value lies between from 1 to
1.5 depending on the particle radius (a) and the ionic strength of
the electrolyte [32,35].  In Fig. 3a, the �-potential of the TiO2 sur-

face undergoes an exponential decrease with the increase in the
PLGA/TiO2 weight ratio and shows consistency with the decay of
Voc in Fig. 2. Furthermore in Fig. 3b, the hydrogen ion concentration
of the PLGA solution in acetonitrile increases in proportional to the
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Fig. 4. Effect of the PLGA content on the impedance spectra in Bode phase plots for
the  APGE-based DSCs. The arrow indicates the shift of the low-frequency peaks with
W.  Kwon, S.-W. Rhee / Journal of P

LGA concentration. Thus, we concluded that the positive shift of
he TiO2 band edge is ascribed to the adsorption of the hydrogen
ons dissociated from PLGA on the TiO2 surface [36].

It was reported in the past that the positive shift of the band edge
y the protonation of TiO2 decreases Voc [37], but improves Jsc with
reater electron injection yield [37–39] and higher charge collec-
ion efficiency [40]. The yield of electron injection from the excited
yes into TiO2 is governed by the potential difference between the

owest unoccupied molecular orbital (LUMO) level of the excited
ye and the TiO2 band edge. The driving potential for the electron

njection increases with the positive shift of the TiO2 band edge,
nd thus the electron injection yield becomes greater to result in
igh Jsc. Besides, the positive charges adsorbed on the TiO2 surface
an compensate the injected electrons to improve the charge col-
ection efficiency so that high Jsc can be attained likewise in this
ase.

.4. Elongation of the electron life time in the presence of PLGA

EIS measurements of the APGE-based DSCs for some different
LGA contents were carried out in the dark under different forward
iases each of which was the same as Voc of the corresponding cell.
ern et al. [41–43] verified that the electron lifetime is inversely
roportional to the characteristic frequency at which a peak in

ow-frequency regime is shown. In Fig. 4, the characteristic fre-
uency increases with the decrease in the PLGA content, i.e., the
lectron lifetime is elongated in the presence of a large amount of
he polymer molecules. Under this condition, the concentration of
he recombinative I3− ions is lowered by the polymer molecules
nd thereby the recapture of photoelectrons is suppressed by Eq.
3) [44],

r = ekrcp
ox(nq − nq

0) (3)

here kr is the rate constant of the recombination, cox is the concen-
ration of I3−, n0 is the electron population in the TiO2 conduction
and in the dark (n in the light), and the exponents p and q are
he orders of the reaction for I3− and the electrons, respectively.
he TEM images in Fig. 5 show that the polymer molecules tend to
dsorb onto the negative TiO2 surface rather than disperse in the

olvent owing to their partially positive ester carbons. Thus, it is
oncluded that the adsorbed polymer molecules block the interfa-
ial reaction between I3− ions and electrons in TiO2 to eventually
ncrease the electron lifetime.

Fig. 5. TEM images of (a) bare TiO2 nanoparticles dispersed in acetonitril
the increase in the concentration.

3.5. Conductivity of the APGE

The Vogel–Tammann–Fulcher (VTF) equation correlates the free
volume of the solvent and the conductivity when the ion transport
is dominated by the mobility of the solvent molecule [45–47].

� = AT−1/2 exp
[ −B

T − T0

]
(4)

where � is the conductivity, A is a pre-exponential factor, B is a
constant related to the critical free volume for ion transporting, and
T0 is a reference temperature at which the structural relaxation of
solvent becomes zero, i.e., the glass transition temperature Tg. The
conductivity–temperature data in the VTF coordinates are shown
in Fig. 6 and clear linear correlations are obtained for both liquid
electrolyte and APGE. The glass transition temperatures extracted
from the data are 133 and 172 K for the liquid electrolyte and the
40 wt% APGE, respectively. Such low Tg for the APGE indicates the
amorphous and low-crystalline nature of the PLGA-based polymer

gel. Thus, the APGE can show high conductivities of 10 mS  cm−1 at
25 ◦C and 13 mS cm−1 at 50 ◦C.

e and (b) the TiO2 nanoparticle-PLGA mixture in the same solvent.
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Fig. 6. Vogel–Tammann–Fulcher plots for the liquid electrolyte and the 40 wt%
APGE. The reference temperatures (T0) are extracted from the corresponding
conductivity–temperature data and the coefficients of determination (adjusted R2)
of  the linear regression for the liquid and the APGE are 0.9970 and 0.9964, respec-
tively.

Fig. 7. The current–voltage characteristics of the liquid electrolyte and APGE-based
D
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SCs under irradiation of AM 1.5 simulated sunlight (100 mW cm−2). The inset is a
hotograph of the 40 wt% APGE which shows that the formed gel did not flow from
he top at 5 ◦C.

.6. Performance of the APGE-based DSCs

The APGEs contain 20, 40, and 60 wt% PLGA as their polymeric
ost, respectively. It is found in Fig. 7 that 20 and 40 wt%  APGEs
an maintain their current level higher than the liquid electrolyte
n the low voltage region. It is unprecedented that the PGE con-
aining more than 20 wt% polymer shows higher Jsc than the liquid

lectrolyte. This can be ascribed to the high ionic conductivity of
he APGE and the downward shift of the TiO2 band edge by PLGA
s previously described in this study. Table 1 lists the photovoltaic
arameters of the liquid electrolyte and APGE-based DSCs. The Voc

able 1
he performance of the DSCs with different types of electrolyte. The active area of
he  cell is 0.25 cm2 and the irradiation intensity is 100 mW cm−2.

Electrolyte Voc (mV) Jsc (mA  cm−2) FF (%) � (%)

Liquid 793 13.5 71.5 7.6
20  wt% APGE 772 14.4 68.1 7.5
40  wt% APGE 765 14.2 66.9 7.4
60  wt% APGE 759 13.8 56.8 6.0
Fig. 8. Normalized efficiencies for the DSCs with the liquid electrolyte and the
40  wt% APGE as a function of time.

values of the APGE-based DSCs are slightly inferior to that of the
liquid electrolyte-based one, which offsets the high Jsc values to
yield overall efficiency of 7.5 and 7.4% for 20 and 40 wt% APGE,
respectively. Here, the 40 wt% APGE is chosen for further analysis
because of high stability and suitable viscosity for practical applica-
tions. Due to its thermoplasticity, the APGE becomes viscous liquid
(1.21 mPa  s at 50 ◦C) over the temperature range from 30 to 60 ◦C.
It can help ion transporting and penetration of the APGE into the
TiO2 film.

3.7. Long-term stability

The APGE-based DSC guarantees long-term stability compared
with liquid electrolyte-based one, as shown in Fig. 8. The cells used
in this experiment are kept in outside under ambient conditions.
The overall efficiency is measured once per week and normalized
with respect to that obtained in the first day. During 60 days for the
APGE, the overall efficiency lies in ±5% of the initial value, whereas
for the liquid electrolyte, the efficiency decreases by 30% mainly
due to leakage of volatile solvents. In the beginning 10 days, the
efficiency of the DSC with the APGE slightly increases due to further
penetration of the APGE into the porous TiO2 film. The long-term
stability is gained by the high polymer concentration of 40 wt%.
A larger amount of polymer molecules can provide more “cages”
for solvent molecules to be confined. Furthermore, the hydrophilic
glycolide groups on the polymer molecule can hold tightly the polar
solvent molecules by the van der Waals attraction. Thus, any loss
of the solvent can be highly suppressed by the APGE.

4. Conclusion

In this study, we  have demonstrated that the novel APGE using
PLGA as a polymeric host can make up several disadvantages of
the current liquid electrolytes without severe degradation in the
photoelectric conversion performance. Long-term stable quasi-
solid-state DSCs can be obtained by using the APGE, and they show
high photovoltaic conversion efficiency of 7.5 and 7.4% for 20 and
40 wt% APGE, respectively, under AM 1.5 simulated sunlight. The
APGE endows with higher Jsc than the liquid electrolyte, which

attributes to such high performance comparable to typical liquid-
state DSCs. In the aspect of the stability, the 40 wt%  APGE-based DSC
maintained 95% of the initial performance after 60 days in practi-
cal conditions. Furthermore, the quasi-solid nature of the APGE may
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mpart flexibility to DSCs so that some large-scale productions such
s roll-to-roll process can be realized. We  hope that our findings
hould deepen understanding of the effects of polymer molecules
n the cell performance and provide a guide to developing a suitable
GE for the widespread application of DSCs.
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