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ABSTRACT: A cross-linked copolymer was previously synthesized from
poly(oxyethylene) diamine (POE-amine) and an aromatic anhydride and
cured to generate an amide-imide cross-linking structure. The copolymer
containing several chemical groups such as POE, amido acids, and imide,
enabled to absorb liquid electrolytes in methoxypropionitrile (MPN) for
suitable uses in dye-sensitized solar cells. To establish the advantages of
polymer gel electrolytes (PGE), the same copolymer was studied by using
different electrolyte solvents including propylene carbonate (PC), dimethyl-
formamide, and N-methyl-2-pyrrolidone, and shown their long-term stability.
The morphology of the copolymer after absorbing liquid electrolytes in these
solvents was proven the same as a 3D interconnected nanochannels,
evidenced field emission-scanning electron microscopy. Among these solvents,
PC was selected as the optimized PGE, which demostrated a higher power
conversion efficiency (8.31%) than that of the liquid electrolyte (7.89%). In
particular, the long-term stability of only a 5% decrease in the cell efficiency after 1000 h of testing was achieved. It was proven
the developed copolymer as PGE was versatile for different solvents showing high efficiency and long-term durability.

KEYWORDS: cross-linked polymer, elastomeric structure, polymer gel electrolyte, matrix for electrolytes,
quasi-solid-state dye-sensitized solar cell, solvents

■ INTRODUCTION

Dye-sensitized solar cells (DSSCs) have received attention due
to their attractive features, such as high energy conversion
efficiency, possible low cost of production, and environment
friendly nature; these advantages make them attractive to
substitute conventional silicone photovoltaics as a new solar
energy source.1,2 However, as we know, the traditional DSSCs
based on organic liquid electrolytes still have some problems to
be solved. For example, the sealing issue of the cells, the
dissociation of the dye absorbed on TiO2, and the volatility of
organic solvent, which caused poor long-term stability at high
temperatures.3−5 Hence, many efforts have been made to
replace liquid electrolytes with ionic liquids,6,7 organic hole
transport materials,8 p-type inorganic semiconductors,9,10

polymers,11 and quasi-solid-state gel-electrolytes for
DSSCs.12−14 Several polymer or copolymer materials have
been proposed to prepare polymer gel ionic liquid electrolytes
for DSSCs.15,16 However, the quasi-solid-state dye-sensitized
solar cell (QSS-DSSC) exhibited lower power conversion
efficiency (η) compared to the liquid electrolyte solar cell. This
is attributed to the high electron-transfer resistance at the
electrolyte/counter electrode interface and the high viscosity of
gel electrolyte, which cannot easily penetrate into the pores of

the TiO2 film of the solar cell. Therefore, the above items are
the major concerns of quasi-solid electrolytes of DSSCs.
Polymer gel electrolytes (PGEs), a polymer matrix absorbed

with liquid electrolyte, belong to a potential alternative to solid-
state electrolytes for the fabrication of DSSCs. PGEs contain
several advantages such as the enhancement of ionic
conductivity, and the well interfacial filling property to
penetrate into the TiO2 photoelectrode.17,18 Also, it shows
good long-term stability compared to liquid electrolyte of
DSSC due to the reduced leakage of solvent. The formation of
PGE generally involves a 3D network structure in which liquid
electrolyte is absorbed in the cages. According to the literature,
the polymers for preparing PGEs were reported to be
poly(acrylonitrile),19 poly(methyl acrylate) (PMA),20 poly-
(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP),21

poly(methyl methacrylate) (PMMA),22 and poly(acrylic acid)
(PAA).8 The polymer containing poly(ethylene glycol) (PEG)
or poly(oxytheylene) (POE) segment was also used for its
ability of absorbing polar liquid electrolytes and its high
chemical stabil i ty .23 Further, the POE structure,
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−(CH2CH2O)x−, could interact well with TiO2 through the
noncovalent bonding force and reduce the pertinent recombi-
nation from TiO2 to I3

− at the interface of TiO2/electrolyte.
24

Another polymer, PVDF-HFP, for PGEs was found to render
high stabilities and high conversion efficiencies for DSSCs,
when sensitized with hydrophobic ruthenium dyes.21,25 In
general, these PGEs were found to be less efficient than the
conventional liquid electrolytes in terms of power conversion
efficiencies in DSSCs.26,27

Previously, we have developed a novel structure of POE
containing amide−imide copolymer (POE-PAI)13 and used it
to absorb liquid electrolytes for QSS-DSSC. In the previous
work, we used the liquid electrolyte containing LiI/I2 and
methoxypropionitrile (MPN) solvent but lacking the knowl-
edge of its suitability for different electrolytes or solvents and its
problem of long-term stability. In this work, we studied the
cross-linked copolymer POE-PAI for its capability of absorbing
various liquid electrolytes prepared with different solvents,
including propylene carbonate (PC), dimethylformamide
(DMF), and N-methyl-2-pyrrolidone (NMP). We further
confirmed their morphologies by showing well-defined nano-
channels, thus the changes in power conversion efficiency of
DSSC. More importantly, the most suitable solvent, PC, was
selected for fabricating the DSSC to demonstrate a long-term
durability of 1000 h under the standard test.

■ EXPERIMENTAL SECTION
Materials. POE-amine with a molecular weight of 2000 g × mol−1,

and structure of 6 oxypropylene and 39 oxyethylene units, was
obtained from Huntsman Chemical Co. Monomer 4,4′-oxydiphthalic
anhydride (ODPA, 97% purified by sublimation), titanium(IV)
isopropoxide (TTIP, 98%), 4-tert-butylpyridine (TBP, 96%), and t-
butanol (TBA, 99.5%) were obtained from Aldrich Chemical Co. cis-
Bis(isothiocyanato)bis(2,2′-bipyridyl-4,4′-dicarboxylato) ruthenium-
(II)-bis-tetrabutylammonium (N719), 1,2-dimethyl-3-propylimidazo-
lium iodide (DMPII), ionomer resin (Surlyn, SX1170-25, thickness =
25 μm), fluorine-doped SnO2 glass (FTO, surface resistivity = 15 Ω
sq−1) were obtained by Solaronix S. A. Anhydrous LiI, I2, and
acetonitrile (ACN) were bought from Merck Chemical Co. The
solvents, propylene carbonate (PC), dimethylformamide (DMF), and
N-methyl-2-pyrrolidone (NMP), were procured from Fluka. Tetrahy-
drofuran (THF, 95%) received from Teida Chemicals. The dispersant

of TiO2, POE segmented imide (POEM) was synthesized in our
laboratory.

Synthesis of the POE−Amide−Imide Copolymers. Amphi-
philic polymer gel was synthesized as the procedures from ref 13:
POE2000 (30.0 g, 0.015 mol) was added and dissolved in 20 mL of
THF. Subsequently, ODPA (3.1 g, 0.01 mol) dissolved in 10 mL of
THF and then poured into the solution. Under nitrogen atmosphere,
the polymerization reaction temperature was maintained at 150 °C
under vigorous stirring for 3 h. Then, the mixture became viscous with
its color changed from yellow to yellow-brown. Finally, the product
was kept in the oven at 80 °C for several days to allow the conversion
into an elastomeric solid (Figure 1).

Preparation of the PGEs. The polymer gel electrolyte was
prepared by soaking in liquid electrolyte for different times. The
component of liquid electrolyte is 0.6 M DMPII, 0.1 M LiI, 0.05 M I2,
and 0.5 M TBP in PC, NMP, or DMF. The polymer was a coil, and in
its coil form, it could fully or partially enter the TiO2 film; its soft,
sticky, and elastic nature also enables it to penetrate well into the pores
of the TiO2 film. To verify this, we have obtained cross sectional
scanning electron microscopy (SEM) images of bare TiO2 film, bare
PGE film, and TiO2 film with PEG. The cross sectional FE-SEM
images of the DSSCs with (a) TiO2/FTO layer, (b) PGE/TiO2/FTO
layer, (c) PGE/TiO2/FTO layer (large scale), and (d) PGE are shown
in Figure S1 of the Supporting Information. Figure S1 (Supporting
Information) clearly demonstrates the incorporation of the PGE in the
TiO2 film. The PGE in Figure S1d (Supporting Information) has a
nanochannel structure.

Fabrication of the DSSC. The nanoporous TiO2 photoanode was
performed through the following procedures: The FTO glass was
cleaned by four steps: neutral cleaner, water, acetone, and IPA. Then, a
solution consisting of TTIP and 2-methoxyethanol using spin-coating
coated on the FTO glass to form a compact layer. This layer serves as
a good mechanical contact between the FTO and the TiO2 and also as
an insulator between the FTO and the electrolyte. The TiO2
nanoparticle was synthesized by sol−gel method and a hydrothermal
process from the literature.13 The concentration of TiO2 colloid was
adjusted to 13 wt %. Then, 30 wt % of POEM was added to prevent
the TiO2 aggregation and control the pore size of TiO2 paste.
Subsequently, the homogeneous TiO2 paste was coated on the FTO
glass using doctor blade technique to obtain a TiO2 film. The TiO2
film was sintered at 450 °C for 30 min, then repeated coating and
sintering for more time. The anatase TiO2 film of 16 μm in thickness
was obtained. Finally, the TiO2 photoanode was completed by
immersing the TiO2 film in 0.3 mM N719 (solution) at room
temperature for 24 h.

Figure 1. Scheme for the preparation of poly(oxyethylene)-segmented amide−imide (POE-PAI).
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The DSSC was fabricated by sandwiching a polymer gel electrolyte
between the TiO2 photoanode and a platinum (Pt) counter electrode.
The thickness of PGE is controlled using Surlyn (25 μm thick), which
also acts as a spacer between the photoanode and counter electrode.
Instruments and Analyses. The surface morphologies of PGE

and cross sectional morphologies of the quasi-solid-state DSSC were
observed using field emission scanning electronic microscopy (FE-
SEM, Zeiss EM 902A). The current−voltage (I−V) curve was
measured using a class A quality solar simulator (PEC-L11, AM1.5,
100 mW/cm2, Peccell Technologies, Inc.). The light intensity (100
mW/cm2) was calibrated with a standard Si cell (PECSI01, Peccell
Technologies, Inc., Kanagawa, Japan). Electrochemical impedance
spectroscopy (EIS) was recorded with a potentiostat (PGSTAT 30,
Autolab, Eco-Chemie, The Netherlands) under an illumination of 100
mW/cm2. The frequency range was varied from 10 mHz to 65 kHz,
and the magnitude of the alternating signal was 10 mV. For measuring
the ionic conductivity of an electrolyte, a symmetric cell was used, in
which the electrolyte was sandwiched between two Pt coated FTO
electrodes, using a 25 mm thick Surlyn film as the spacer. The incident
photo-to-current conversion efficiency (IPCE) curve was measured as
a function of wavelength from 400 to 800 nm.

■ RESULTS AND DISCUSSION
Absorption Behavior of the Polymer Gel for Liquid

Electrolytes with Different Solvents. The copolymer or
polymer gel consists of POE segments, aromatic imide
functionalities, and carboxylic acids, as presented in Figure 1.
The scheme shows the synthetic route of this polymer gel. The
carboxylic acids of ODPA react with the terminal amines of
POE−amine to obtain the cross-linked structure, i.e., POE-PAI,
which is an elastomer. The gel-like copolymer was allowed to
absorb a liquid electrolyte to prepare the polymer gel
electrolyte for a DSSC. The liquid electrolyte contained 0.6
M DMPII, 0.5 M TBP, 0.1 M LiI, 0.05 M I2 in an organic
solvent, precisely, DMF, PC, or NMP. Figure 2 shows
absorption behavior of the copolymer for liquid electrolytes
with various solvents for different periods of its soaking in the
liquid electrolytes (the absorption is shown in terms of wt % of
the absorbed liquid electrolyte). Figure 2 shows that all the
three liquid electrolytes are absorbed by at least 63% of their

initial weight at the end of 30 min, then up to 81 wt % of their
initial weight after 3 h. Interconnected channels and POE
segments of the PGE are believed to have facilitated the
absorption of the liquid electrolytes. The absorption of the
liquid electrolyte prepared with the PC liquid electrolyte is the
slowest among all, because of the higher viscosity of PC,
compared to those of DMF and NMP. This is the reason for
the faster swelling of the copolymer in NMP and DMF,
compared to that in PC. The swelling of the copolymer in
DMF is better than that in NMP; this is also the reason for
higher viscosity of NMP than that of DMF. The insets in Figure
2 show digital photographs of the POE-PAI copolymer, before
and after its soaking for 3 h in the PC liquid electrolyte.
The FE-SEM images of polymer gel electrolyte were

employed for observing the surface morphologies as shown
in Figure 3. Figure 3a,c shows micrographs of POE-PAI before
soaking in the PC liquid electrolyte, and Figure 3b,d shows
those of the same material after soaking in the PC liquid
electrolyte. The morphology of POE-PAI without the electro-
lyte is formless and its surface is smooth, as shown in Figure
3a,c. However, after the absorption of the PC liquid electrolyte,
approximately 200−500 nm nanochannels have been observed
(Figure 3b,d). According to this result, it can demonstrate that
the elastomer has 3D interconnected nanochannels after the
absorption of the PC liquid electrolyte and caused the
elastomer to swell. The microstructure of the swollen elastomer
was dimensionally stable when it absorbed PC liquid electrolyte
within 24 h.

Photovoltaic Performance of the DSSCs Using the
Polymer Gel Electrolyte with Different Solvents. Table 1
shows the photovoltaic parameters of the DSSCs with the same
PGE electrolyte containing different solvents. The table also
shows the photovoltaic parameters of the DSSCs with bare
liquid electrolytes (without PGE) prepared with these solvents.
The table shows that the DSSC using the PGE with the PC
liquid electrolyte exhibits a higher VOC, JSC, and power
conversion efficiency (η) than those of its corresponding
DSSC with the bare PC liquid electrolyte, i.e., the PC liquid
electrolyte without the copolymer. It is also clear from Table 1
that the DSSC containing PGE with PC shows the best
performance among all the DSSCs. The table also gives the
physical properties of the solvents, i.e., the boiling point, donor
number, viscosity, and dielectric constant. Table 1 shows no
specific correlation between boiling point and photovoltaic
parameters or between viscosity and photovoltaic parameters.
With increases in dielectric constant, the conductivity increases,
the JSC increases, and consequently, the power conversion
efficiency of the pertinent DSSC increases. A high dielectric
solvent in a polymer electrolyte can increase the polarity in the
electrolyte, and thereby can decrease ion−ion interactions in
the electrolyte, and thus ultimately can increase the ionic
mobility in the electrolyte. In regards to donor number, the JSC
(and thereby η) will be lower for a DSSC, if the donor number
of the solvent for its electrolyte is higher. Kebede and Lindquist
have studied donor−acceptor reactions between iodine and
nonaqueous solvents.28 It is disclosed that the donor number of
a solvent can control the equilibrium of iodide and triiodide
ions in the solvent. The increase of the donor number in the
solvent will decrease the concentration of the free I3

− and
increase the concentration of the free I−, which promotes the
improvement of the hole collection.29 The complex of solvent
and iodine can be much more easily formed when a solvent
with higher donor number is used in a DSSC, which increases

Figure 2. Absorption behavior of the copolymer for liquid electrolytes
with different solvents for different periods of its soaking in the liquid
electrolytes (the absorption is shown in terms of wt % of the absorbed
liquid electrolyte). The insets show digital photographs of the POE-
PAI copolymer, before its soaking in the PC liquid electrolyte (lower
one) and after its soaking in the PC liquid electrolyte (upper one).
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the VOC of the DSSC. A solvent with a higher donor number
shows a higher Lewis basicity and reacts in an easier way with
the corresponding Lewis acidic TiO2; this enables more
efficient blocking of active sites of TiO2, thereby decreasing
the recombination rate of I3

− ions with the injected electrons
and increasing the VOC of the pertinent DSSC.30 The DSSC
with PC exhibits the best performance, because of the highest
conductivity and the lowest donor number of PC, compared to
those of DMF and NMP.31 The DSSC with NMP shows the
poorest performance, because of its lowest conductivity and
highest donor number, compared to those of PC and DMF.
Thus, PC solvent was used to prepare the liquid electrolyte in
further studies.
Effect of Concentration of I−/I3

− Redox Couple in the
Polymer Gel Electrolyte on the Ionic Conductivity of the
Electrolyte. It is known that the power conversion efficiency

of a DSSC dependents greatly on the ionic conductivity of its
electrolyte, which, in turn, should depend on the concentration
of I−/I3

− redox couple (here LiI + I2) in the electrolyte. Figure
4 shows the effect of concentration of I−/I3

− redox couple in
the polymer gel electrolyte with PC on the ionic conductivity of
the electrolyte. It can be seen that the conductivity increases
steeply with the concentration increase and reaches a maximum
value of 10.9 mS/cm with 0.1 M LiI and 0.05 M I2; the
conductivity thereafter decreases steadily. The initial increase in
the conductivity of the PGE is probably due a chelation of
lithium-metal ions by POE segments of the PGE. This
chelation of Li+ ions favors the transport of I3

− and I− ions
in the electrolyte. The subsequent decrease in the conductivity
of the PGE is apparently due to a great increase in the viscosity
of the PGE due to an excessive addition of the salt of LiI.

Figure 3. FE-SEM images of the POE-PAI copolymer, before (a,c) and after (b,d) its soaking in the PC liquid electrolyte.

Table 1. Physical Properties of the Organic Solvents Used in This Study, And Photovoltaic Parameters of the DSSCs with the
Same PGE Containing These Solventsa

DSSC electrolyte
bp
(°C) DNb

viscosity
(cp) εr

c σ (mS/cm)
polymer conc.

(wt %) VOC (V) JSC (mA/cm2) FF η (%)

PGE with DMF 9.81 ± 0.14 20.4 ± 0.97 0.73 ± 0.01 12.70 ± 0.05 0.73 ± 0.01 6.77 ± 0.04
153 26.6 0.92 36

liquid electrolyte
with DMF

9.67 ± 0.06 0 0.72 ± 0.01 11.85 ± 0.09 0.71 ± 0.01 6.06 ± 0.07

PGE with PC 10.96 ± 0.12 23.3 ± 0.66 0.76 ± 0.01 17.35 ± 0.06 0.63 ± 0.01 8.31 ± 0.04
242 15.1 2.52 65

liquid electrolyte
with PC

10.92 ± 0.05 0 0.70 ± 0.01 17.07 ± 0.12 0.66 ± 0.01 7.89 ± 0.09

PGE with NMP 7.88 ± 0.11 25.0 ± 0.76 0.76 ± 0.01 11.98 ± 0.06 0.63 ± 0.01 5.74 ± 0.06
204 27.3 1.65 32.2

liquid electrolyte
with NMP

7.73 ± 0.05 0 0.71 ± 0.01 11.19 ± 0.14 0.59 ± 0.01 4.69 ± 0.10

aPhotovoltaic parameters are also shown for the DSSCs with bare liquid electrolytes (without PGE) prepared with these solvents. bDonor number.
cDielectric constant.
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Photovoltaic Performance of the DSSCs Using the
Polymer Gel Electrolyte with Various Concentrations
(wt %) of the PC Liquid Electrolyte. Table 2 shows the
elastomer absorption of the PC liquid electrolyte in varing
weight ratios for different periods of time (see also Figure 2). In
the first row of the table, with the absence of the PGE, the
electrolyte of the pertinent DSSC is assumed to be 100% liquid.
Table 2 also shows the ionic conductivities of the PGEs
prepared with the PC liquid electrolyte at different stages of its
absorption. Additionally, the table shows the photovoltaic
parameters of the DSSCs using these PGEs. Figure 5 shows the
photocurrent density−voltage (J−V) curves corresponding to
Table 2; however, for selective DSSC, the figure also shows the
corresponding dark current density−voltage curves. The J−V
curves of the reference cell (without the PGE, see Table 2) are
also shown in Figure 5. The DSSC with the PGE with 76.7% of
the PC liquid electrolyte (correspoinding to 2 h in Table 2)
shows the highest η of 8.31%. The power conversion efficiency
in QSS-DSSC is higher than that of liquid-state DSSC. At the
same time, it avoids the disadvantages of liquid-state DSSC.
This marks an important improvement for QSS-DSSC. It can
be seen in Table 2 that the values of VOC of the cells with PGE
are all higher than those with bare PC liquid electrolyte. The
increases in the VOC for the cells with PGE can be attributed to
the fact that the polymer can penetrate into the TiO2 films to
suppress the recombination reactions. The dark currents in
Figure 5 clearly show that the PGE can suppress the

recombination reactions effectively. The slightly higher JSC
value of the DSSC with 76.7 wt % of the liquid electrolyte,
compared to that of the cell with bare PC liquid electrolyte will
be explained at a later stage by means of electrochemical
impedance spectra (EIS). The DSSC with 42.8 wt % of the PC
liquid electrolyte (10 min) is expected to have insufficient
amount of I− and I3

− ions, which results in a poor charge
transport in the electrolyte and thereby in a poor JSC and power
conversion efficiency to the pertinent DSSC (Table 2). With
the increase of the soaking time to 2 h (76.7 wt % of the PC
liquid electrolyte), the amount of I− and I3

− ions increases,
which, in turn, increases the charge transport in the electrolyte
and consequently the JSC and power conversion efficiency of
the pertinent DSSC, compared to those of the DSSC with 42.8
wt % of the PC liquid electrolyte. With further increases in the
concentration of the PC liquid electrolyte (91.4%), the JSC and
power conversion efficiency of the cell decreases, compared to
those of the cell with 76.7 wt % of the PC liquid electrolyte;
this point will be taken up in the EIS discussion below.
Figure 6 presents Nyquist plots of the DSSCs using the

PGEs prepared with the PC liquid electrolyte at different stages
of its absorption; the equivalent circuit is shown as an inset in
the figure. Generally, the EIS spectra have three semicircles in a
DSSC. The corresponding three resistances are related to the
electrochemical reaction at the electrolyte/Pt counter electrode
(Rct1), the charge-transfer resistance at the TiO2/dye/electro-

Figure 4. Effect of concentration of the redox couple (LiI + I2) on the
conductivity of the PGE with PC (molar ratio of LiI to I2 = 2:1).

Table 2. Percentage of Absorption of the PC Liquid Electrolyte by the Copolymer for Different Periods of Time, Conductivities
of the PGEs Prepared with the PC Liquid Electrolytes at These Periods, And Photovoltaic Parameters of the DSSCs Using
These PGEsa

period of time wt %b σ (mS/cm) JSC (mA/cm2) VOC (V) FF η (%)

PC liquid electrolyte (PCLE) 100.0 10.92 ± 0.05 17.07 ± 0.12 0.70 ± 0.01 0.66 ± 0.01 7.89 ± 0.09
10 min 42.8 ± 0.18 8.59 ± 0.07 13.09 ± 0.11 0.77 ± 0.01 0.63 ± 0.01 6.35 ± 0.08
30 min 63.5 ± 0.21 10.05 ± 0.05 14.13 ± 0.09 0.76 ± 0.01 0.66 ± 0.01 7.09 ± 0.07
1 h 70.7 ± 0.38 10.04 ± 0.08 14.52 ± 0.15 0.75 ± 0.01 0.67 ± 0.01 7.30 ± 0.12
2 h 76.7 ± 0.66 10.96 ± 0.12 17.35 ± 0.06 0.76 ± 0.01 0.63 ± 0.01 8.31 ± 0.04
6 h 85.7 ± 1.12 10.16 ± 0.18 14.46 ± 0.08 0.77 ± 0.01 0.65 ± 0.01 7.24 ± 0.06
24 h 91.4 ± 1.25 10.17 ± 0.19 14.67 ± 0.11 0.76 ± 0.01 0.65 ± 0.01 7.25 ± 0.09

aPhotovoltaic parameters at 100 mW cm−2; each value is an average of four measurements. bwt %: weight percentage of the PC liquid electrolyte.

Figure 5. Photocurrent density−voltage curves of the DSSCs with
pure PC liquid electrolyte (PCLE) and different concentrations of
PCLE in their PGEs, (a) PC liquid electrolyte, (b) 42.8 wt % PCLE in
PGE, (c) 76.7 wt % PCLE in PGE, and (d) 91.4 wt % PCLE in PGE,
measured at 100 mW cm−2.
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lyte (Rct2), and the Warburg diffusion process (Rw) of I
−/I3

− in
the electrolyte. By carefully examining Figure 6, Table 3, and

Table 2, it can be said that the JSC values of the cells in Table 2
are, in general, qualitatively consistent with the Rct1 and Rct2
values of these cells in Table 3. Two factors that limit the short-
circuit photocurrent (JSC), among others, are the efficiency of
collecting the injected electrons at the transparent back contact
and the catalytic ability of the counter electrode for the
reduction of I3

− ions to I− ions. If Rct2 is high, the efficiency of
collecting the injected electrons at the transparent back contact
increases, which in turn increases the rate of electron transfer in
the circuit, and thereby the short-circuit photocurrent (JSC) of
the pertinent DSSC. If Rct1 is high, the rate of reduction of I3

−

ions and creation of I− ions increases, which in turn increases
the rate of regeneration of oxidized dye, the injection of
electrons from the regenerated dye, and thereby the JSC. As
expected, the value of Rw changed with the composition of the
PGE. Figure 5 clearly shows this variation. The Rw values are in
consistency with the JSC values of the corresponding DSSCs.
The DSSC with 76.7 wt % of the PC liquid electrolyte shows
the least Rct1 and Rct2 values (Table 3), and highest JSC and η
values (Table 2). The conductivity of the gel electrolyte with
76.7 wt % of the PC is the highest among the conductivities of
other gel electrolytes (Table 2); therefore, the diffusion rate of
I−and I3

− ions in this gel electrolyte could be the highest among

all the diffusion rates of these ions in their respective
electrolytes; this has apparently led to the highest JSC and η
values of the DSSC with this gel electrolyte (Table 2). The Rw
value of the DSSC with bare PC liquid electrolyte is, however,
smaller than that of the DSSC using PGE with 76.7 wt % of the
PC liquid electrolyte; this is consistent with their FF values.
Careful observation indicates that the Rct1 and Rct2 values of the
DSSC using PGE with 76.7 wt % of the PC liquid electrolyte
are slightly lesser than those of the DSSC using bare PC liquid
electrolyte; this may be the reason for the better JSC in favor of
the former cell (17.3 mA/cm2), compared to that of the later
cell (17.1 mA/cm2).
In Figure S2 (Supporting Information), the IPCE of PGE

containing 76.7 wt % of the liquid electrolyte was drawn as a
function of excitation wavelength and exhibited a plateau at
89%. By comparison, a maximum of 85% for the cell with pure
liquid electrolyte was reached. These results are consistent with
the JSC values to explain why the JSC value of PGE containing
76.7 wt % of the liquid electrolyte is slightly higher than that of
PC liquid electrolyte (Table 2).

Long-Term Stability. As expected, the best DSSC in this
study shows excellent stability. The cell with bare PC liquid
electrolyte shows instability. Figure 7 shows at-rest stability and

batch-to-batch reproducibility of the DSSC using PGE with
76.7 wt % of the PC liquid electrolyte and also that of the cell
with bare PC liquid electrolyte. In this experiment, the cells
were sealed, using an UV adhesive as the first layer and a hot
molten adhesive as the second layer. The cell efficiencies were
measured everyday during the first week to obtain the average
value for the first week, and thereafter every weekend; the cell
was stored in the dark at room temperature during this test
period. Efficiencies were normalized to the average value of the
first week, because, according to our experience, the cell
efficiency reaches a stable value at room temperature in about 7
days. In spite of the fact that the boiling point of PC is very
high, at 242 °C, the overall power conversion efficiency of the
DSSC using PGE shows a decrease only by about 5% after 1000
h. On the contrary, the DSSC with the PC liquid electrolyte
lost 39% of its initial power conversion efficiency after the same
period.

Figure 6. Nyquist plots of the DSSCs with various amounts of PC
liquid electrolyte in their PGEs, obtained at AM 1.5 (100 mW cm−2);
the equivalent circuit is shown as the inset.

Table 3. Electrochemical Impedance Parameters of the Dye-
Sensitized Solar Cells with Pure PC Liquid Electrolyte and
with PGEs Having Different Concentrations of the PC
Liquid Electrolyte, Measured at 100 mW cm−2a

electrolyte wt %b Rct1 (Ω) Rct2 (Ω) Rw (Ω)

PC liquid electrolyte (PCLE) 100.0 10.13 21.62 14.08
10 min 42.8 17.72 26.58 34.64
30 min 63.5 12.41 23.3 16.82
1 h 70.7 12.25 23.6 15.23
2 h 76.7 9.54 19.71 13.03
6 h 85.7 12.53 26.17 15.78
24 h 91.4 12.77 26.08 16.68

aThese resistance values were evaluated from Figure 6. bwt %: wt % of
the liquid electrolyte.

Figure 7. At-rest stability and batch to batch reproducibility data of the
DSSC using PGE with PC liquid electrolyte and of the DSSC using
bare PC liquid electrolyte (without PGE).
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■ CONCLUSIONS
The POE-PAI polymer gel was observed to absorb conven-
tional liquid electrolytes prepared with different solvents
including PC, DMF, and NMP. The morphology of the
copolymer after absorbing liquid electrolytes in PC solvent
showed a 3D interconnected nanochannels by FE-SEM. The
polymer gel was thus used as the matrix for the liquid
electrolytes to prepare PGE for QSS-DSSCs. The conductivity
of the PGE with PC has increased steeply with the
concentration of the redox couple used in the DSSCs and
reached a maximum value of 10.9 mS/cm with 0.1 M LiI and
0.05 M I2. All the DSSCs using the PGE with different liquid
electrolytes showed higher photovoltaic performance than their
counterparts with bare liquid electrolytes, i.e., without the
copolymer. Among the three solvents, PC exhibits the best
performance in DSSC because of the highest conductivity and
the lowest donor number of PC, compared to those of DMF
and NMP. By using the PGE with PC, the DSSC showed a high
η of 8.31%, whereas its counterpart with bare PC liquid
electrolyte showed an η of only 7.89%. The concentration of
the PC liquid electrolyte was optimized to be 76.7 wt % to
achieve this photovoltaic performance. Electrochemical im-
pedance spectroscopy parameters are consistent with the
photovoltaic parameters of the DSSCs. The IPCE values of
the cells with pure PC liquid electrolyte and with the PGE
containing 76.7 wt % of the liquid electrolyte agree very well
with the corresponding JSC values. The overall power
conversion efficiency of the DSSC using PGE with PC liquid
electrolyte showed a decrease only by about 5% after 1000 h,
while the DSSC with the bare PC liquid electrolyte lost 39% of
its initial power conversion efficiency after the same period.
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