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We fabricated high-performance gel-state dye-sensitized solar cells (DSSCs) using TiO2 nanoparticles (NPs) and one-dimensional
TiO2 nanotube (NT) arrays as electrodes and a polymer gel electrolyte (PGE), poly(methyl methacrylate-co-ethyl acrylate) (PMMA-
EA), as a gelator in 3-methoxypropionitrile (MPN). MPN instead of acetonitrile (ACN) was used as a solvent to prepare PGE
to overcome the drawback of high volatility of ACN so as to improve the long-term stability of the devices. The viscosities of
the PGEs containing varied concentrations of PMMA-EA copolymer (4–13 wt%) were measured to obtain the gel to liquid phase
transition temperature (Tp) of the PGEs. Tp systematically increased with increasing concentration of PMMA-EA. We found that
the as prepared PGE showed the best electrical conductivity of 1.6 mS cm−1 at 10 wt% of PMMA-EA, which is comparable with
the value of the liquid electrolyte (1.7 mS cm−1). By employing 10 wt% of PMMA-EA as PGE in MPN, the gel-type NT and
NP-based devices exhibited power conversion efficiencies (PCE) 6.3 and 8.4%, respectively, which are comparable to those of the
corresponding liquid-type counterparts, PCE = 6.4 and 9.1%, respectively. In addition, the enduring stability of MPN-based gel-state
device was found to retain a high device efficiency for a long period under thermal and light-soaking dual stress.
© 2015 The Electrochemical Society. [DOI: 10.1149/2.0611514jes] All rights reserved.
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Dye-sensitized solar cells (DSSCs) have received considerable at-
tention in recent years because they are promising next-generation
photovoltaic devices alternative to conventional Si-based solar cells.1

A conventional DSSC made of an electron collecting layer composed
of randomly interconnected TiO2 nanoparticles (NPs), dyes, liquid
electrolytes, and a counter electrode.2 However, the high-performance
DSSC devices fabricated with liquid-type electrolyte suffered from
leakage and volatilization of the liquid solvent, and serious problems
might arise when the devices were imposed under light soaking and
thermal stress conditions.3 To solve the problems for the enduring
instability of these traditional liquid-type DSSCs, solid-state or quasi-
solid-state electrolytes, such as organic hole-transport materials,4

p-type inorganic semiconductors,5 gel-electrolytes incorporating re-
dox couples6 and ionic liquid electrolytes7 were used instead of liquid
electrolytes. However, solid-state DSSCs exhibited lower conversion
efficiency compared to their liquid-type counterparts due to the poor
ionic conductivity and lower ion diffusion.8 To enhance the thermal
stability of the devices at the same time also maintain a great ionic
conductivity for the electrolytes, varied quasi solid state electrolytes
have been utilized, such as polymer gel electrolytes (PGEs) in which
both liquid and solid phases are combined.

In a PGE, the liquid electrolyte was trapped in a three dimensional
network including polymer cages which was provided by polymer
host, thereby, the solvent evaporation was inhibited, which has been
proven to improve the long-term stability of DSSCs.9 Pure polymers
like poly (ethylene glycol) (PEG),10 poly (acrylonitrile) (PAN)11 and
poly (methyl methacrylate) (PMMA)12 have been used as gelators to
prepare PGEs for DSSC applications. On the other hand, the solubil-
ity of these polymers in ACN or MPN might become a problem. The
strategy to solve this problem is to use the approach of copolymeriza-
tion for which the side chains of the copolymer improve the solubility
while the main polymer chain can still form great polymeric network
for enhanced ionic conductivity. The most promising examples for the
copolymer gel electrolyte systems include poly (vinylidene fluoride-
co-hexafluoropropylene) (PVDF–HFP),13 poly (methyl methacrylate-
co-acrylonitrile) (PMMA-AN)14 and poly (acrylonitrile-co-vinyl ac-
etate) (PAN–VA).15

On the other hand, it has been pointed out that NP-based DSSC
made of N719 dye suffered from dye desorption at high tempera-
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ture (80◦C) even using copolymer PVDF-HFP as a gel electrolyte.3

However, when the amphiphilic ruthenium sensitizer Z907 dye16 was
implemented, the PGE-based device can sustain PCE 6.0% for 1000 h
at 80◦C in the dark.3 This is a very important step for DSSC with
great thermal stability matching the standard of a silicon-based so-
lar cell. Further development based on the PAN-VA electrolyte using
CYC-B11 dye was reported to attain PCE exceeding 10% under one
sun of irradiation,15 but the PGE with 7 wt% PAN-VA encountered a
problem of solvent (ACN) evaporation under light-soaking examina-
tion at 60◦C. Therefore, it is always a challenge to fabricate a highly
efficient DSSC with superior enduring performance stability under
severe conditions of light soaking and thermal stress.

Even though the gel-type device sensitized with the amphiphilic
Z907 dye exhibited remarkable performance stability under an exten-
sive thermal stress condition,3 the small absorptivity of the dye limits
the device performance to compete with other heteroleptic ruthenium
dyes.15,17–19 Recently we have demonstrated that the performance of
the Z907 device can be significantly improved to reach PCE 10% upon
sophisticated structural engineering for the hybrid TiO2 films with a
bi-layer or a multi-layer configuration.20–22 Moreover, we showed that
the performance of the Z907 device with an ACN-based liquid-type
electrolyte can be optimized to reach PCE 10.2% and maintained this
performance in the dark for at least 1000 h.22 Further light-soaking
test of the same device showed only a slight performance degrada-
tion under thermal stress performing at 60–70◦C, but the performance
degraded significantly and rapidly when the device temperature was
increased to 80◦C under one-sun irradiation because the evaporation
of the acetonitrile (ACN) solvent occurred quickly at 80◦C.22

ACN and 3-methoxypropionitrile (MPN) are the two major types
of organic solvents which usually used to prepare liquid electrolytes
for DSSC applications. Gel-state DSSCs using ACN as a solvent
showed superior power conversion efficiency (PCE) compared to
those based on other solvents. However, high volatility of ACN leads
to a lower gel to liquid phase transition temperature (Tp) for the
PGEs and therefore limits the long-term stability of the gel-state de-
vices. To overcome this problem, MPN, which has a higher boiling
point and lower volatility than those of ACN, was utilized as the sol-
vent to increase phase transition temperature of PGEs. Therefore, the
long-term stability of the MPN-based gel-state device can be further
improved.23

The relatively poor performance of gel-state DSSCs based on NP
layers as photoanode might be associated with the following two
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Chart 1. Molecular structure of poly (methyl methacrylate-co-ethylacrylate)
(PMMA–EA) with a mean molar mass of 101000 g mol−1.

challenges: (1) limited pore filling of the mesoporous TiO2 photoelec-
trodes containing NP layers with viscous polymer gel electrolytes;24

(2) trap limited diffusion for electron transport in randomly packed
TiO2 NPs.25 Therefore, structural modification of TiO2 is encouraged
in order to develop high-performance gel-state DSSCs. For example,
one-dimensional (1D) TiO2 nanostructures such as nanotube arrays
are suitable alternatives as a photoanode for DSSC to enhance the
charge-collection efficiency by promoting faster transport and slower
recombination.26 The use of TiO2 nanotubes (TiNTs) as the pho-
toanode for fabrication of liquid-state DSSCs has been performed by
several groups.27–31 To increase the interfacial contact between TiO2

nanostructures and the electrolyte as well as to improve the ability of
charge transport, TiNTs have been used as an efficient photoanode for
all-solid-state DSSCs.32–34

To overcome the problem for the enduring stability of the device
beyond 80◦C, in the present study we further applied the concept of
PGE to fabricate the gel-state NP-based DSSC using Z907 dye with
the goal to enable DSSC featuring both extraordinary long-term sta-
bility and great device performance for commercialization. Recently
we have fabricated gel-state NT-DSSCs using N719 dye and PGE con-
taining PMMA-EA copolymer in ACN solvent.35 We demonstrated
that the performance of the device using PGE containing 7 wt% of
PMMA-EA can be optimized to reach PCE 6.9%, which was com-
parable with that of a corresponding liquid-type device, PCE = 7.1%
and maintained ∼90% of this performance after 1000 h under one-
sun illumination at 50◦C. PMMA was selected as a gelling agent
because it can form gel state in a suitable concentration with great
ionic conductivity.12 The proposed PGE system composes of the poly-
mer chain PMMA with 5% of ethyl acrylate (EA) (PMMA-EA, the
molecular structure is shown in Chart 1) to prevent unzipping of the
polymer at elevated temperatures; the ester groups in the copolymer
PMMA-EA would capture appropriate amount of solvent within its
polymeric chain structure and form a loose elastomeric network in the
gel state.36,37 Herein varied portions of PMMA-EA (4–13 wt%) were
added to a MPN-based liquid-type electrolyte to form PGEs for the
gel-state N719-based NT-DSSCs (NT/N719 system) and Z907-based
devices fabricated with the best-performing hybrid TiO2 nanoparticle
films with a bilayer configuration (NP/Z907 system). The 1D struc-
ture of TiNTs offers great charge transport features and their open
structures improve light harvesting efficiency and also help on the
penetration of gel-state electrolyte. The best performance of the NT-
DSSC devices using an ACN-based liquid redox electrolyte and N719
dye was achieved at tube length ∼30 μm for a device structure under
rear illumination.28,29 Therefore, we used TiNT arrays with tube length
∼30 μm to fabricate MPN-based gel-state NT-DSSCs. We optimized
the concentrations of PMMA-EA in MPN to obtain the best gel-state
DSSC performance for both NT/N719 and NP/Z907 systems. The
aims of using MPN-based PGE in both NT/N719 and NP/Z907 de-
vices are to attain the best PCE for NT and NP based DSSCs and
also improve enduring stability of gel-state devices. Overall PCEs 6.3
and 8.4% have been successfully achieved for gel-state NT/N719 and
NP/Z907 devices, respectively, by using the new PGE containing 10
wt% of PMMA-EA in MPN, which were 98 and 92% of the per-
formance of the corresponding liquid-type devices, respectively. The
long-term stability examinations indicate that the NP/Z907 device
made of 7 wt% PMMA-EA in the ACN-based PGE was endurable at
80◦C with PCE greater than 8.0% under one-sun illumination whereas
the device made of 10 wt% PMMA-EA in the MPN-based PGE was

endurable even at 85◦C with PCE exceeding 7.5% under one-sun illu-
mination. This is the first example demonstrating a promising feature
for a gel-type DSSC to sustain a high device performance for a long
period under extreme thermal stress and light-soaking conditions that
matched the durability criteria applied to silicon solar cells for outdoor
applications.

Experimental

Fabrication of TiNT arrays.— Ordered TiNT arrays were fabri-
cated using a potentiostatic anodization in a two-electrodes electro-
chemical cell27,28 where Ti foil (commercially pure grade1, purity
99.9%, substrate size 6 × 6 cm2, thickness 130 μm, Kobe Steel) was
the anode to grow TiNT arrays on it and another Ti foil with the same
size was the cathode and the two electrodes with a fixed interval of
2.7 cm were placed in a thermostatic container (T = 22◦C), contain-
ing the electrolyte solution for anodization. Preparation of the ordered
TiNT arrays with L = 30 μm was performed using electrolyte solu-
tions containing NH4F (purity 99.9%, 0.4 wt%) in ethylene glycol in
the presence of H2O (2 vol %) at 60 V for 12 h. Then the anodic sample
was washed in ethanol, and annealed at 450◦C for 1 h to convert the
amorphous TiO2 into its anatase phase. The annealed sample was then
ultrasonicated in ethanol for 15 min to remove unwanted deposits on
the TiNT surface introduced through anodization.28,29 To enhance the
effective surface area of the tubes for dye adsorption and thus improve
cell performance, the as prepared TiNT films were immersed in TiCl4

solution (0.073 M, 30 min) and then washed and dried near 50◦C. The
films were treated again with fresh TiCl4 aqueous solution for 2 h and
sintered at 350◦C for 30 min. The surface morphology of the TiNT
films was determined using a scanning electron microscope (SEM,
JSM-6390LV, JEOL).

Preparation of electrolytes.— PGEs were prepared with PMMA-
EA (Aldrich, mean molar mass 101000 g mol−1, ethyl acrylate concen-
tration < 5 wt%) mixed with the liquid electrolyte containing 0.05 M
lithium iodide (LiI), 0.03 M diiodine (I2), 0.5 M 4-tert-butylpyridine
(TBP), 1.0 M 1-methyl-3-propylimidazolium iodide (PMII) and 0.1 M
guanidinium thiocyanate (GuNCS) in MPN with weight percentages
of 4, 7, 10 and 13. Then the mixtures were heated along with stirring
at 70◦C until homogeneous viscous solutions were obtained. PMMA-
EA is very soluble in the MPN-based liquid electrolyte, forming a
liquid-state polymer electrolyte which the cells can be conveniently
filled with the as prepared electrolytes. At the room temperature con-
dition, the liquid-state polymer electrolyte solution converts to the
gel-state electrolyte over a period of days. However, the gelation time
can be decreased significantly by cooling. To obtain phase transition
temperature of the PGEs, thermal dependence of the viscosities of
the electrolytes was investigated using a programmable rheometer
(DV-III, Brookfield).

Device fabrication.— A paste composed of TiO2 nanoparticles
(particle size ∼20 nm) was prepared using a normal combined sol-
gel/hydrothermal method.20 The TiO2 paste was then coated on a
TiCl4-pretreated fluorine-doped tin oxide (FTO; 7 �sq−1) glass sub-
strate (TEC 7, Hartford, USA) to prepare the TiO2 films (active area
0.4 × 0.4 cm2, thickness ∼14 μm). A scattering layer (ST41, Ishi-
hara Sangyo Kaisha, Japan, particle size ∼300 nm) with a thickness
of ∼5 μm was added on top of the transparent active layer to en-
hance the performance of the NP based devices. The TiO2 NP films
were sensitized in a solution (Z907 dye, Everlight, 0.3 mM) con-
taining chenodeoxycholic acid (CDCA, 0.3 mM) in acetonitrile/t-
butanol (v/v = 1:1) binary solvent for 8 h. The TiNT films (0.4 ×
0.4 cm2) were sensitized by immersing them into a solution of
N719 dye (3 × 10−4 M, Solaronix) containing chenodeoxycholic
acid (CDCA, 3 × 10−4 M) in acetonitrile/tert-butanol (v/v = 1/1)
binary solvent at room temperature for 18 h. The sensitized working
electrodes were assembled with a Pt counter electrode and sealed with
a hot-molten film (SX1170, Solaronix, thicknesses 25 and 60 μm for
NP and NT based devices, respectively). The Pt counter electrode was
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Figure 1. Side-view SEM image of the TiNT arrays with tube length (L) =
30 μm. The inset shows the SEM top-view image of the corresponding TiNT
arrays.

prepared by spin coating a FTO substrate (typical size 1.0 × 1.5 cm2)
with the H2PtCl6/isopropanol solution and heating it at 380◦C for
30 min.29 To prepare gel-state device, hot liquid-state polymer elec-
trolyte was introduced into a hole drilled in the counter electrode of
the assembled cell, then the holes were sealed using a sealing spacer
and a thin cover glass. To convert liquid-state polymer electrolyte
to gel-state polymer electrolyte, the cells were sealed in two nested
polyethylene bags (Ziploc) and stored at temperature about −4◦C.
Silver glue gel was coated on the counter electrode to enhance the
electric conductivity.

Photovoltaic and impedance measurements.— The current-
voltage characteristics were measured with a digital source meter
(Keithley 2400, computer controlled). Photovoltaic measurements
were carried out under 1 sun of illumination (AM-1.5G, 100 mW
cm−2) with a solar simulator (XES-40S1, SAN-EI) calibrated with
a standard Si reference cell (VLSI standards, Oriel PN 91150 V).
The efficiencies of conversion of incident photons to current (IPCE)
of the devices were measured using a photoelectric spectral system
composed of a Xe lamp (PTiA-1010, 150 W), a monochromator (PTi,
1200 gr mm−1 blazed at 500 nm), and a source meter (Keithley 2400).
Back side illumination was used to characterize photovoltaic perfor-
mance of the NT-DSSCs (active area 0.16 cm2) for all measurements.
Electrochemical impedance spectroscopy (EIS) measurements car-
ried out using an electrochemical system (IM6, Zahner) were used to
calculate the ionic conductivity and diffusion coefficient of the elec-
trolytes. The EIS measurements of the electrolytes were performed
using sandwich-type symmetric cells with a symmetrical configura-
tion Pt/electrolyte/Pt. The frequency range was 0.01 Hz to 1 MHz, and
the magnitude of the alternating potential was 20 mV. The EIS data
were fitted to an equivalent circuit using simulation software (Z-view).

Figure 2. Plots of (a) viscosity (ξ) as a function of temperature (T) and
(b) ln(ξξ−1

0 ) vs T−1 for electrolytes containing varied weight percentages of
PMMA-EA copolymer in MPN.

Results and Discussion

We produced anodic TiNT films with tube length (L) ∼30 μm at
22◦C via anodization of Ti foil in the electrolyte solution at a constant
voltage 60 V and an anodization period 12 h for use as a photoanode
to fabricate gel-state NT-DSSCs. Figure 1 shows the SEM image of
the TiNT arrays with L = 30 μm. The average pore diameter on top
of the TiNT arrays is ∼100 nm, as shown in the inset of Figure 1.
The as prepared TiNTs with TiCl4-post treatment were sensitized with
N719 dye and utilized to fabricate NT-DSSCs using the electrolytes
containing varied concentrations of PMMA-EA copolymer. Properties
of the PGEs containing various amounts of PMMA-EA in MPN were
studied.

The viscosities of the PGEs containing varied concentrations of
PMMA-EA in MPN measured at various temperatures are shown in
Figure 2a. At the room temperature condition, the viscosity of the
PGEs increased with increasing concentration of PMMA-EA. The
viscosity of the PGEs exponentially decreased with increasing temper-
ature. The data can be correlated via a simplified McAllister equation,
Ln(ξ/ξ0) = Ln(B)+ �G∗

RT , where ξ and ξ0 are viscosities of polymer-
containing and polymer-free electrolytes, respectively; �G∗, T, R and
B represent the flow Gibbs energy, temperature, molar gas constant
and pre-exponential factor, respectively.38 �G∗ means energy barrier
against flow in a polymer electrolyte. Using the relationship between
ξ and �G∗ shown in Figure 2b, two Gibbs energy values of each PGE
corresponding to the states of phase transition of the electrolytes were
obtained. The phase transition temperature (Tp) of the PGEs is the
temperature in which the phase state of the PGEs transforms from the
gel-state with a higher viscosity and Gibbs energy to the liquid-state
with a lower viscosity and Gibbs energy. The values of Gibbs energy
calculated from the McAllister plot in both the gel (�Gg

∗) and vis-
cous liquid (�Gl

∗) states and Tp values of PGEs containing various
concentrations of PMMA-EA in MPN are listed in Table I. Our results

Table I. Flow Gibbs energy, phase transition temperature, ion diffusivity, ion conductivity and charge transfer resistance at the Pt/electrolyte
interface of the electrolytes containing varied weight percentages of PMMA-EA copolymer in MPN.

PMMA-EA Temperature/K of Diffusivity Conductivity
wt % �Gl

∗/kJ mol−1 �Gg
∗/kJ mol−1 phase transition D/10−6 cm2 s−1 σ /mS cm−1 Rpt/ � cm2

0 4.1 1.7 2.8
4 7.6 10.3 322 3.8 1.5 3.4
7 11.0 18.1 328 3.5 1.4 3.9

10 13.5 26.2 331 3.4 1.6 3.0
13 15.2 34.9 335 1.1 1.2 3.8
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Figure 3. Nyquist plots of electrolytes containing varied weight percentages
of PMMA-EA copolymer in MPN. Symbols demonstrate the measured EIS
data and solid curves show the fitting results obtained from simulations based
on the equivalent circuit model shown in the inset.

show a systematic trend for �G∗ increasing with increasing concen-
tration of PMMA-EA. The variation of Tp exhibited a similar trend, in
which Tp increased from Tp = 322 K for the PGE containing 4 wt%
PMMA-EA to Tp = 335 K for the PGE with 13 wt% PMMA-EA.
The gelation time of the electrolytes decreased with increasing con-
centration of PMMA-EA. At temperature about −4◦C, the gelation
time was about 14 h when 4 wt% PMMA-EA was added to MPN and
decreased to about 8, 4 and 2 h for electrolytes containing 7, 10 and
13 wt% PMMA-EA in MPN, respectively.

The ionic conductivity (σ/mS cm−1) and diffusion coefficient
(D/cm2 s−1) of each PGE were investigated using the EIS method.
Figure 3 shows the Nyquist plots of sandwich-type symmetric cells
composed of varied portions of PMMA-EA in MPN. The EIS data
were fitted according to an equivalent circuit shown in the inset of
Figure 3. As shown in Figure 3, only two semicircular character-
istics were indicated in the plots: the first semicircles in the high-
frequency domain represent the impedance of charge transfer at the
Pt electrode/PGE interface and the second semicircles in the low-
frequency domain reflect the contribution of Nernst diffusion in the
gel electrolyte.39 The diffusion coefficient D of tri-iodide ions in PGE
can be determined via D = (1/2.5) d 2ωmax,40 where d is the thickness
of the electrolyte and ωmax is the peak frequency of the low frequency
semicircle. To evaluate the influence of PMMA-EA addition on the

charge transport, the conductivities of the PGEs were measured. The
ionic conductivity σ is proportional to the diffusion resistant Rb via
the relationship σ = d/RbA, where d and A represent the thickness and
the area of the PGE, respectively.

As shown in Table I, the diffusivity of tri-iodide decreased with
increasing the concentration of PMMA-EA copolymer in MPN, and
this trend is consistent with the trend of viscosities of the electrolytes
showing an increasing feature upon increasing of concentration of
PMMA-EA in MPN. The diffusivity of I−3 was 4.1 × 10−6 cm2 s−1 in
the MPN liquid electrolyte, and decreased to 1.1 × 10−6 cm2 s−1 in the
PGE containing 13 wt% PMMA-EA in MPN. The conductivities of
the electrolytes (σ) containing various amounts of PMMA-EA mea-
sured at near 23◦C are also shown in Table I. The ionic conductivity σ
of the polymer-free MPN-based liquid electrolyte was 1.7 mS cm−1.
The values of σ decreased to 1.5 and 1.4 mS cm−1 when 4 and 7 wt% of
PMMA-EA were added, respectively. However, with further addition
of PMMA-EA, the conductivity increased to attain maximum value of
1.6 mS cm−1 at 10 wt% but decreased on further increase. In general,
the ionic conductivity of the electrolyte decreases upon increasing of
concentration of PMMA-EA because of the retardation of the diffu-
sion of the I−3 ions in the presence of polymers. However, in our work,
the effect of PMMA-EA addition on the ionic conductivity was not
the same as its effect on the diffusivity. The observed enhancement of
ionic conductivity in the PGE with certain portions of PMMA-EA is
consistent with the phenomenon observed in the PAN-VA system,41

and the charge exchange reaction (I− + I−3 → I−3 + I−), i.e. Grotthus-
type charge-transfer mechanism35,42 was proposed for the I−/I−3 ion
exchange reaction in the PGE having a conductivity similar to that
in the polymer-free liquid electrolyte. When a lower concentration of
PMMA-EA was added to the MPN-based liquid electrolyte, a large
open structure derived from a poor connection of some polymer chains
which leads to a decrease in ionic conductivity because of the delay
of the diffusion of the I−3 ions. With further increase of the amounts of
PMMA-EA, the copolymer chains make contact with their neighbors
to form a regular network including continuous pathways to reach
an optimum condition. Figure 4 shows a Schematic illustration of ion
transport, through a Grothus-type exchange mechanism, in a DSSC. It
was reported that PMMA offers interactions with both ions and liquid
components in addition to form a polymer network around liquid in
PMMA-based gel electrolytes.43 The solvation potential of PMMA-
EA to cations increases the dissociation of LiI and PMII, leading to
higher concentrations of I− and I−3 . Therefore higher amounts of I−/I−3
locates at the direct pathways associated with polymer network (Fig-
ure 4), leading to improved charge transport based on the exchange
reaction. Although introducing the copolymer decreases the ion diffu-
sion, increasing the exchange reaction leads to a higher conductivity.
In other words, the reaction rates of ion exchange were enhanced in

Figure 4. Schematic illustration of ion transport, through a Grothus-type exchange mechanism, in a NP-DSSC.
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Figure 5. (a) Current-voltage characteristics and (b) IPCE action spectra of
Z907-based NP-DSSC devices based on electrolytes containing varied weight
percentages of PMMA-EA copolymer in MPN.

PGE containing certain portions of PMMA-EA to compensate the
increase of diffusion resistance caused by the polymer matrix. If we
attain a higher concentration of the copolymer, aggregation occurs in
the PGE as a result of the connection of polymer cages with each
other and the effect of Grotthus charge transfer is diminished, leading
to a decreased ionic transport. The charge transfer resistance at the
Pt/electrolyte interface (Rpt) increased first up to 7 wt% addition of
PMMA-EA, and then decreased on further addition of the copolymer
to 10 wt%. However, further increase of PMMA-EA content in the
electrolyte increased the Rpt. The charge transport resistance at the Pt
surface is reported to increase with decreasing the roughness factor of
the counter electrode.44 We believe that the copolymer adsorbed onto
the Pt counter may acts as a barrier against direct contact of the PGE
to the counter electrode which suppresses the reduction of tri-iodide
at the counter electrode, leading to an increased value of Rpt. How-
ever, at the optimal condition, the presence PMMA-EA increased the
electroactivity of the Pt counter electrode, leading to a decrease in Rpt.

Figures 5a and 6a show typical J-V characteristics for the NP-
and NT-based devices with electrolytes containing various amounts
of PMMA-EA copolymer in MPN, respectively; the corresponding
spectra of incident photon-to-current conversion efficiency (IPCE)
were shown in Figures 5b and 6b, respectively. The corresponding
photovoltaic parameters are summarized in Table II, giving the cur-
rent density at short circuit (JSC/mA cm−2), voltage at open circuit

Figure 6. (a) Current-voltage characteristics and (b) IPCE action spectra of
N719-based NT-DSSC devices with L = 30 μm based on electrolytes contain-
ing varied weight percentages of PMMA-EA copolymer in MPN.

(VOC/mV), fill factor (FF), and efficiency (η = JSCVOCFF / Pin with
Pin = 100 mW cm−2) of power conversion as a function of the copoly-
mer concentration. The IPCE values of a back-illuminated NT-DSSC
device were lower than those of its front-illuminated counterpart due to
the loss of the incident light that result from the absorption of the I−/I−3
electrolyte and the light scattering of the Pt-FTO counter electrode.29

Table II. Photovoltaic parameters of the Z907-based NP-DSSCs
and N719-based NT-DSSCs based on the electrolytes containing
varied weight percentages of PMMA-EA copolymer in MPN under
simulated AM-1.5 illumination (power 100 mW cm−2) and active
area 0.16 cm2.

PMMA-EA
Systems /wt % JSC/mA cm−2 VOC/mV FF η/%

NP/Z907 0 17.54 774 0.667 9.1
4 15.24 779 0.659 7.8
7 14.60 773 0.670 7.6

10 16.21 775 0.667 8.4
13 16.04 772 0.653 8.1

NT/N719 0 12.56 748 0.678 6.4
4 11.68 752 0.670 5.9
7 11.37 757 0.665 5.7

10 12.38 771 0.657 6.3
13 11.86 760 0.626 5.6
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Figure 7. Enduring stability examination showing
the variation of the photovoltaic performance for (a)
fill factor (FF), (b) open-circuit voltage (VOC), (c)
short-circuit current density (JSC) and (d) efficiency
(η) of power conversion for the Z907-based NP-
DSSC with ACN-liquid, ACN-PGE, MPN-liquid
and MPN-PGE electrolyte systems. The experiments
were carried out in dark at room temperature for
0–385 h, and then under one sun illumination during
the periods 385–600 h at 60◦C, 600–770 h at 70◦C,
770–1540 h at 80◦C and 1540–2300 h at 85◦C.

For both NP and NT systems, JSC of the cell decreased when up to
7 wt% of PMMA-EA was introduced to the liquid electrolyte. On
further addition of the copolymer, JSC increased first and then de-
creased after approaching a maximum value at 10 wt%, consistent
with the variation of the ionic conductivity. For the NP/Z907 system,
VOC remained nearly constant with increasing concentration of the
copolymer. It has been shown that for the NT-DSSC the presence of
PMMA-EA up to 7 wt% in the ACN-based electrolyte increases VOC.35

For the NT/N719 system, VOC of the device increased with increas-
ing the copolymer concentration up to 10 wt%, and then decreased
with any additional increase in concentration of the copolymer. For
the NP-DSSC with 10 wt% PMMA-EA, the obtained efficiency was
8.4% which is 92% of the value measured for the MPN based liquid
electrolyte (9.1%). The overall performance of NT-DSSC obtained us-
ing the MPN-based liquid electrolyte was PCE 6.4% (Table II). Due
to relatively higher viscosity of MPN, performance of MPN-based
liquid-type NT-DSSC was slightly poorer than that using the ACN-
based electrolyte reported elsewhere.28,35 For the NT-DSSC based on
the PGE containing 10 wt% PMMA-EA, the cell performance was
PCE 6.3%, which is 98% of the value obtained for the correspond-
ing liquid-type device. We also showed J-V characteristics and IPCE
action spectra of the NP-DSSC devices with electrolytes containing
varied concentrations of PMMA-EA using ACN as solvent in Figures
S1a and S1b, Supporting Information, respectively; the photovoltaic
parameters are summarized in Table S1, Supporting Information. The
best performance obtained using electrolyte contained 7 wt% PMMA-
EA, consistent with our previous report.35 The efficiency obtained for
the NP-DSSC using PGE containing 7 wt% PMMA-EA in ACN was
9.6%,which was 95% of the value obtained for the liquid-based device
(10.1%).

To study the effect of PGEs made of ACN and MPN solvents on
the stability of the DSSCs, we selected one of the photoelectrodes.
Because of the impressive performance of the gel state Z907-based
NP-DSSC, we compared the performance of the NP-based device
made of 10 wt% PMMA-EA in MPN with that contained 7 wt%
PMMA-EA in the ACN-based PGE and without adding the copoly-
mer in the MPN and ACN based liquid electrolytes under different
experiment conditions over a period 2300 h to investigate the effect of

MPN based PGE on the long-term stability of the DSSC device; The
corresponding photovoltaic parameters as a function of light-soaking
period are shown in Figure 7. In the first stage, the cells were kept in
darkness at 25◦C for 385 h. During this period, the performance of
the devices increased and thereafter remained steady. For the second
stage the cells were stored under one-sun illumination at 60◦C during
the period 385–600 h; the performance of the cells remained steady
under this condition. Then the temperature of the cells was changed to
70◦C under one-sun illumination during the period 600–770 h; the per-
formance of the cell contained ACN based liquid electrolyte slightly
decreased and other cells remained nearly constant. For the next stage
we raised the temperature to 80◦C under one-sun illumination during
the period 770–1540 h; after about 880 h the device contained ACN
based liquid electrolyte began to deteriorate and its performance de-
graded significantly after about 1000 h. Because the boiling point of
the ACN is near 80◦C, we predicted that the device contained ACN-
based liquid electrolyte deteriorate under this condition. After 1360 h,
the performance of devices made of 7 wt% PMMA-EA in the ACN-
based PGE and polymer free MPN based liquid electrolyte decreased
slightly but that of cell contained 10 wt% PMMA-EA remained nearly
constant. For the final stage we increased the temperature of the cells
to 85◦C under one-sun irradiation during the period 1540–2300 h; the
performance of the devices made of 7 wt% PMMA-EA in the ACN-
based PGE and polymer free MPN-based liquid electrolyte degraded
appreciably at 2300 h. Due to evaporation of the solvents under this
condition, the JSC of the devices decreased, which is the major factor
responsible for the decreased efficiency of these devices. However the
device contained 10 wt% PMMA-EA in the MPN-based PGE showed
superior enduring stability and preserved PCE beyond 7.5% at the
end of the test over 2000 h. We expect that (1) high boiling point
of the MPN (∼160◦C) and (2) polymer cages in the electrolyte are
responsible for the great enduring stability of the NP-DSSC device
made of 10 wt% PMMA-EA in the electrolyte.

Conclusions

We have fabricated highly efficient gel-state DSSC devices us-
ing TiO2 NPs and one-dimensional TiNT arrays as photoanodes.
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PMMA-EA copolymer was used to solidify a MPN-based liquid elec-
trolyte to obtain a new PGE for NP and NT based DSSCs. We used
MPN instead of ACN to overcome the problem of high volatility of
ACN and thus the long-term stability of the cells is enhanced. Using
the viscosities measured at various temperatures, the phase transition
temperature of the PGEs containing varied amounts of PMMA-EA
(4–13 wt%) in MPN were obtained. The electrical conductivity (1.6
mS cm−1) of the PGE containing 10 wt% of PMMA-EA in MPN
was comparable to that (1.7 mS cm−1) of the liquid electrolyte. NP-
and NT-based DSSCs using this optimized PGE showed high power
conversion efficiencies 8.4 and 6.3%, respectively, which are compa-
rable to those of the corresponding MPN-based liquid-type devices.
The continuous network formed by PMMA-EA along with the solva-
tion ability of the copolymer to cations could also enhance the ionic
conductivity of the PGE. Furthermore, the gel-state NP-DSSC with
10 wt% of PMMA-EA in MPN retained a high device performance
for a long time over 2000 h under thermal stress and light soaking
conditions.
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