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ABSTRACT: Highly ordered and vertically oriented TiO2 nanotube (NT) arrays were synthesized with potentiostatic
anodization of Ti foil and applied to fabricate gel-state dye-sensitized solar cells (DSSCs). The open structure of the TiO2 NT
facilitates the infiltration of the gel-state electrolyte; their one-dimensional structural feature provides effective charge transport.
TiO2 NTs of length L = 15−35 μm were produced on anodization for periods of t = 5−15 h at a constant voltage of 60 V, and
sensitized with N719 for photovoltaic characterization. A commercially available copolymer, poly(methyl methacrylate-co-ethyl
acrylate) (PMMA-EA), served as a gelling agent to prepare a polymer-gel electrolyte (PGE) for DSSC applications. The PGE as
prepared exhibited a maximum conductivity of 4.58 mS cm−1 with PMMA-EA (7 wt %). The phase transition temperature (Tp)
of the PGE containing PMMA-EA at varied concentrations was determined on the basis of the viscosities measured at varied
temperatures. Tp increased with increasing concentration of PMMA-EA. An NT-DSSC with L = 30 μm assembled using a PGE
containing PMMA-EA (7 wt %) exhibited an overall power conversion efficiency (PCE) of 6.9%, which is comparable with that
of a corresponding liquid-type device, PCE = 7.1%. Moreover, the gel-state NT-DSSC exhibited excellent thermal and light-
soaking enduring stability: the best device retained ∼90% of its initial efficiency after 1000 h under 1 sun of illumination at 50 °C,
whereas its liquid-state counterpart decayed appreciably after light soaking for 500 h.
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1. INTRODUCTION

Dye-sensitized solar cells (DSSCs) have attracted intensive
attention because of their great device performance and
fabrication at a modest cost.1 In a conventional DSSC, an
electron-collecting layer (photoanode) is composed of a three-
dimensional network of randomly interconnected TiO2 nano-
particles (NPs). The photovoltaic efficiency of power
conversion (PCE) of an NP-DSSC employing sensitizers
based on zinc porphyrin dyes and a cobalt(II/III) tris-
(bipyridyl)-based redox electrolyte exceeded 12.3%,2 but the
utilization of liquid electrolytes raises several practical
problems, including the leakage of the liquid solvent, possible
desorption of the adsorbed photosensitizers, and corrosion of
the Pt counter electrode; these factors cause poor enduring
stability of the device for practical applications.3 An approach to

avoid these problems is to replace the liquid electrolyte with
solid-state or gel-state electrolytes, such as organic or inorganic
hole-transport materials,4,5 ionic liquids,6 polymer electrolytes,7

and gel materials incorporating redox couples.8 In a solid-state
DSSC without a liquid solvent, the small ionic conductivity and
poor interfacial contact between the solid electrolyte and the
TiO2 photoelectrode produce a poor cell performance.

9 Quasi-
solid-state electrolytes, such as polymer-gel electrolytes
(PGEs),3,10 are reported to attain sufficient penetration of the
electrolyte into the porous photoelectrode.
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A polymer-gel electrolyte is a quasi-solid-state electrolyte of a
particular kind that involves a state of electrolyte intermediate
between liquid and solid. In a PGE, the polymer host acts as a
gelling agent and provides a three-dimensional network in the
polymer cages that effectively traps the liquid electrolyte. Free
movement of cations and anions in the solution phase trapped
by the polymer cages is the major factor responsible for the
ionic conductivity of the PGE, but if the applied polymer has
the ability to solvate the cations effectively, both solid and
liquid phases in the PGE can participate in ionic transport
inside the polymer cages.11 Through their unique hybrid
network structure, PGEs thus have the mechanical properties of
solids but the diffusive transport characteristics of liquids.12

PGEs thereby possess several advantages such as small leakage,
large ionic conductivity, effective interfacial contact with TiO2,
and enduring stability.13−16 To date, various polymers and
copolymers such as poly(methyl methacrylate) (PMMA),17

poly(acrylonitrile-co-vinyl acetate) (PAN-VA),18 poly-
(vinylidene fluoride-co-hexafluoropropene) (PVDF-HFP),19

and poly(methyl methacrylate-co-methacrylate acid)/poly-
(ethanediol) (PMMA-co-MAA)/PEG20 have served as gelators
to prepare PGEs for DSSC applications, even though quasi-
solid-state electrolytes generally feature a large viscosity. Poor
infiltration of PGEs into the mesoporous TiO2 photoelectrodes
consisting of NP layers hence becomes a major problem for
quasi-solid-state DSSCs to achieve superior device perform-
ance.21 Trap-limited diffusion for electron transport in
randomly packed TiO2 NPs is another drawback for photo-
anodes of this kind.22 TiO2 nanostructures that facilitate the
penetration of viscous PGEs and offer a capability to improve
charge transport are essential to enhance the performance of
gel-type DSSCs of this kind.
The size difference between the mesopores in the photo-

anode and the coils of the polymeric chain of the polymers
leads to a poor infiltration of the polymer electrolytes. TiO2
photoanodes with one-dimensional (1D) nanostructures such
as nanowires,22 nanofibers,23 nanorods,24 and nanotubes
(NTs)25 are good candidates to improve the pore-filling
property of a polymer electrolyte into the TiO2 nanopores. For
example, the gel-state DSSC incorporated with an electrospun-
made TiO2 nanofiber electrode yielded a PCE of 4.6%.23 The
pore size of the TiO2 film is an important issue for gel-state
DSSCs, for which Kim and co-workers reported that the device
performance of a quasi-solid-state DSSC based on the
organized mesoporous TiO2 nanostructure is 2 times greater
than those of the devices made of randomly packed TiO2
films.26 Nogueira and co-workers applied randomly packed
TiO2 NT films as a photoanode for a solid-state DSSC and
found that the device performance with the NT film is greater
than that with the nanoparticles.25 Therefore, the use of
spatially oriented 1D TiO2 nanostructures as photoanodes for
DSSCs is expected to significantly improve the efficiency of
charge collection by promoting rapid electron transport and
slow charge recombination, in particular for the anodic growth
of vertically oriented 1D TiO2 NT arrays from a titanium foil.
Anodic TiO2 NT arrays are superior to nanowires or nanorods
because of their increased surface area for dye adsorption at
longer tube lengths.27 Many researchers have thus focused on
using TiO2 NT arrays as a prospective photoanode in both
liquid-type DSSCs28−33 and solid-state DSSCs.25,34,35 However,
there has appeared no report of TiO2 NT arrays used as a
photoanode in a gel-type DSSC based on polymer-gel
electrolytes.

In the present work, we utilized a copolymerpoly(methyl
methacrylate-co-ethyl acrylate) (PMMA-EA)to solidify a
liquid electrolyte based on acetonitrile (ACN) to form a PGE
of a new type. We investigated the mechanism of diffusion and
conduction of the PMMA-EA gel electrolyte and compared it
with that of an ACN-based liquid electrolyte. Figure 1 shows

the configuration of the device and the working principle for a
TiO2 NT-based gel-state DSSC. The use of a TiO2 NT film as a
photoanode prospectively solves the major drawback of the
pore-filling problem in gel-state DSSCs. We used anodization
to synthesize TiO2 NT arrays with nanotubes of length L =
15−35 μm. The best performance of the NT-DSSC devices
using an ACN-based liquid redox electrolyte was obtained with
a PCE of 7.1% at L ≈ 30 μm. With the new polymer-gel
electrolyte containing PMMA-EA (7 wt %), we constructed an
NT-DSSC with a tube length of ∼30 μm exhibiting an
impressive PCE of 6.9% under 1 sun of irradiation and
remarkable enduring stability under thermal and light-soaking
conditions.

2. EXPERIMENTS
2.1. Synthesis of Anodic TiO2 NT Arrays. Highly ordered TiO2

NT arrays were fabricated with potentiostatic anodization in an
electrochemical cell with two electrodes.32,33 Ti foil (commercially
pure grade 1, purity 99.9%, substrate size 6 × 6 cm2, thickness 130 μm,
Kobe Steel) served as the anode on which TiO2 NTs grew; another Ti
foil of the same size served as the cathode. The two electrodes at a
fixed interval of 2.7 cm were placed in a thermostatic container (T =
22 °C) containing the electrolyte solution. The ordered TiO2 NT
arrays were produced in electrolyte solutions containing NH4F (purity
99.9%, 0.4 wt %) in ethanediol in the presence of H2O (2 vol %) at 60
V for varied periods. After the anodization, the anodic sample was
washed in ethanol and annealed at 450 °C for 1 h to crystallize
amorphous TiO2 into its anatase phase.27,29−32 To remove a dense
layer of unwanted deposit on top of the TiO2 NT arrays that was
introduced during anodization, we ultrasonicated the annealed sample
in ethanol for 15 min. We investigated the morphology of the TiO2
NT films with scanning electron microscopy (SEM; JSM-6390LV,
JEOL).

2.2. Post-Treatment of TiCl4. To increase the effective surface
area of the tubes and to improve the cell performance, we treated the
TiO2 NT films with TiCl4 in two steps, as reported elsewhere.32 First,
the TiO2 NT films as prepared were immersed in a TiCl4 solution
(0.073 M) at 50 °C for 30 min followed by rinsing with deionized
water and drying in an oven at 50 °C. These films were then immersed
in a TiCl4 stock solution for 2 h again and sintered at 350 °C for 30
min.

Figure 1. Schematic representation of the device configuration and
working mechanism for a gel-state NT-DSSC under rear illumination.
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2.3. Preparation of Electrolytes. The liquid electrolyte consisted
of lithium iodide (LiI; 0.1 M), diiodine (I2; 0.01 M), 4-tert-
butylpyridine (TBP; 0.5 M), 1-butyl-3-methylimidazolium iodide
(BMII; 0.6 M), and guanidinium thiocyanate (GuNCS; 0.1 M) in
ACN. To prepare the PGE, we mixed the copolymer PMMA-EA
(Aldrich, mean molar mass 101000 g mol−1, ethyl acrylate
concentration <5 wt %) with the liquid electrolyte and then heated
the mixture with stirring to 70 °C until a viscous solution was
obtained. The polymer electrolytes were at first in a sol state, making
possible filling of the electrolytes into the cells. A gel-state electrolyte
approached over a period of a few days with the temperature
maintained near 23 °C. Cooling is reported to significantly increase
the rate of gelation of the electrolytes.18 The duration of gelation
depended on the concentration of the copolymer in the solution; at
about −4 °C, the gel-state approached after about 22 h when PMMA-
EA (4 wt %) was introduced into the electrolyte. The period of
gelation was decreased to about 15, 9, and 3 h for electrolytes
containing PMMA-EA (7, 10, and 13 wt %, respectively). The
temperature of phase transfer and flow Gibbs energy of the electrolytes
were determined on the basis of the viscosities of the electrolytes
measured at varied temperatures using a programmable rheometer
(DV-III, Brookfield).
2.4. Fabrication of an NT-DSSC. The dye uptake into the anodic

TiO2 NT films (0.4 × 0.4 cm2) was performed in a solution of N719
dye (3 × 10−4 M, Solaronix) containing chenodeoxycholic acid
(CDCA; 3 × 10−4 M) in acetonitrile/tert-butyl alcohol (v/v = 1/1)
binary solvent for 18 h. The films were then washed with ethanol to
remove the nonchemisorbed dye and dried with gaseous N2. To
fabricate an NT-DSSC device, we combined the N719/TiO2 NT film
as the anode with a transparent Pt counter electrode as the cathode.
The counter electrode was made on spin-coating a H2PtCl6/2-
propanol solution onto a fluorine-doped tin oxide (FTO; 7 Ω sq−1)/
glass (TEC 7, Hartford Tec Glass Co. Inc., Hartford City, IN)
substrate (typical size 1.0 × 1.5 cm2) through thermal decomposition
at 380 °C for 30 min. The NT-DSSC device was sealed with a molten
film (SX1170, Solaronix, thickness 60 μm). To inject the electrolytes,
we drilled two holes on the counter electrode away from the active
area. To prepare a gel-state NT-DSSC, we introduced hot polymer
electrolytes as a thin layer into the space between the two electrodes;
the holes were then sealed with a spacer and a thin cover glass. The
cells were further sealed in two nested polyethylene bags (Ziploc) and
kept at about −4 °C to convert the liquid-state polymer electrolyte to

a gel-state polymer electrolyte. Silver gel was coated on the counter
electrode to decrease the series resistance of the device.

2.5. Examination of Dye Loading. To measure the amount of
N719 dye absorbed on the anodic TiO2 NT films, we desorbed the
dye in a basic solution (tetrabutylammonium hydroxide ((TBA)OH),
0.1 M in methanol).36 The absorption spectrum of the solution was
recorded with a UV−vis spectrometer (Varian, Cary50). A calibration
curve for dye N719 in (TBA)OH (0.1 M) in methanol was derived to
obtain the absorption coefficient, 13610 M−1 cm−1 at 516 nm. The
amount of dye adsorbed on the TiO2 NT films, summarized in Table
S1, Supporting Information, was obtained from the measured
absorbance (cuvette thickness 3 mm) at 516 nm and the absorption
coefficient obtained from the calibration curve according to a linear
relation.

2.6. Characterization of Photovoltaic Impedance. The
current−voltage characteristics were measured with a digital source
meter (Keithley 2400, computer controlled) with the device under 1
sun of illumination (AM-1.5G, 100 mW cm−2) from a solar simulator
(XES-40S1, SAN-EI) calibrated with a standard silicon reference cell
(VLSI Standards, Oriel PN 91150 V). The spectra of the efficiency of
conversion of incident photons to current (IPCE) of the
corresponding devices were recorded with a system consisting 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). The
photovoltaic performance of an NT-DSSC was characterized with
illumination from the back side; the transparent counter electrode was
covered with a black plastic mask of the same size as the anode, 0.16
cm2, for all measurements. The ionic conductivity and diffusion
coefficient of the electrolytes were calculated from the EIS
(electrochemical impedance spectroscopy) spectra measured with an
electrochemical system (IM6, Zahner). We measured the impedance
of the electrolytes with a symmetric cell configuration, Pt/electrolyte/
Pt. The frequency range was 0.01 Hz to 1 MHz; the magnitude of the
alternating potential was 20 mV. To analyze the EIS data, we fitted
them to an equivalent circuit with simulation software (Z-view).

3. RESULTS AND DISCUSSION
3.1. Effect of the Tube Length on the Photovoltaic

Performance of NT-DSSCs. To optimize the tube length of
the TiO2 NT arrays as photoanodes for gel-state DSSCs, we
undertook anodization of Ti foil in the electrolyte solution at a
constant voltage of 60 V for periods of 5, 9, 12, and 15 h, which

Figure 2. Side-view SEM image of TiO2 NT arrays with a tube length (L) of 30 μm. The inset shows the corresponding top-view SEM image of the
TiO2 NT arrays.
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produced TiO2 NT films with tube lengths of 15, 22, 30, and 35
μm, respectively. The corresponding SEM side-view images are
shown in Figure S1, Supporting Information. Figure 2 shows an
SEM image of the TiO2 NT arrays with a tube length of 30 μm;
the inset shows that the average pore diameter on top of the
TiO2 NT films is ∼100 nm. These TiO2 NT films post-treated
with TiCl4 were sensitized with N719 dye and used to fabricate
liquid-state NT-DSSC devices; the corresponding current−
voltage characteristics and IPCE action spectra appear in parts a
and b, respectively, of Figure S2, Supporting Information. The
corresponding photovoltaic parameters are presented in Table
S1, Supporting Information. Measurements of dye loading
(Figure S3, Supporting Information) provided the amount of
adsorbed dye molecules on the TiCl4-post-treated TiO2 NT
films (Table S1), which confirmed that longer tubes possess a
larger surface area for dye adsorption. We observed that the
quality of the TiO2 NT films at L = 35 μm was less than for the
shorter tubes, and the adhesion to the substrate of the long
tubes was poorer than for the shorter tubes. The cell
performance thus increased from η = 5.9% at L = 15 μm to
η = 7.0% at L = 30 μm but decreased slightly to η = 6.6% at L =
35 μm (Table S1). According to the photovoltaic results
summarized in Table S1, L = 30 μm is the optimum length of
tube to attain the maximum efficiency of power conversion,
consistent with our previous results.30,32 TiO2 NT arrays with L
= 30 μm thus served as photoanodes in the fabrication of gel-
state NT-DSSCs.
3.2. Effects of the Concentration of PMMA-EA on the

Properties of the Electrolytes. Polymer-gel electrolytes
(PMMA-EA, 4−13 wt % in acetonitrile) were prepared. To test
the effect of the concentration of PMMA-EA on the
performance of the polymer-gel electrolytes, we measured the
ionic conductivity, diffusion coefficient, and charge-transfer
resistance at the Pt/electrolyte interface (Rpt) in a symmetric
cell. Figure 3 shows Nyquist plots obtained for the electrolytes
containing copolymer PMMA-EA in varied amounts; the
semicircles at small frequency (right) correspond to the Nernst
diffusion of charge in the electrolytes, whereas those at large

frequency (left) correspond to the charge transfer at the Pt/
electrolyte interface.37

The electrical conductivity of the electrolytes was calculated
with the equation σ = l/RbA with the thickness (l) of the PGE,
bulk resistance (Rb) determined from the complex impedance
plot, and delimited area (A) of the Pt electrode. We measured
the conductivities of the electrolytes containing PMMA-EA in
varied amounts near 23 °C; the results are summarized in Table
1. As a reference, the conductivity of the polymer-free ACN-
based liquid electrolyte was determined to be 5.51 mS cm−1.
The value of σ decreased to 3.75 mS cm−1 on addition of
PMMA-EA (4 wt %) to the PGE, but with increasing
concentration of PMMA-EA, the conductivity increased to
4.58 mS cm−1 at 7 wt % but decreased on further increase.
Because the amount of iodide much exceeded that of

triiodide in the electrolyte, we assumed that the concentration
of I− anions remained constant; only a small contribution of I−

is attributed to the diffusion impedance.38 Nernst diffusion
impedance (ZN) thus describes the diffusion of I3

¯ in the
electrolyte. The measured diffusion coefficients of I3

− with a
diffusion-limited current and with Nernst impedance methods
were reported to agree satisfactorily.39 The Nernst impedance
is expressible in the following form:39
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in which appear the temperature (T), Avogadro constant (NA),
concentration of I3

− in the bulk (C*), number of electrons
transferred in each reaction (m), diffusion coefficient of I3

−

(D1), thickness of the electrolyte film (δ), and maximum
frequency of the semicircles at small frequency (ωmax). As Table
1 shows, the diffusion coefficient of triiodide in the electrolytes
systematically decreased with increasing concentration of
copolymer. The diffusivity of I3

− was 7.21 × 10−6 cm2 s−1 in
the liquid electrolyte, and decreased to 2.96 × 10−6 cm2 s−1 in
the PGE containing PMMA-EA (13 wt %).
The trend of the concentration of PMMA-EA with ion

conductivity differed from that of the diffusivity of I3
− in the

same PGE system. According to early results,40,41 the
characteristic of charge transport in an electrolyte does not
depend only on ionic diffusivity. Lee and co-workers found
that, in a PGE containing copolymer PAN-VA, increasing the
concentration of copolymer decreased the diffusion coefficient
of I3

−, but the ionic conductivity decreased at first and then
increased with further increased concentration of PAN-VA.40

The charge-exchange reaction I− + I3
− → I3

− + I−, i.e., charge
transfer of the Grotthus type, was proposed to account for the
mechanism of charge transport in an I−/I3

− redox electrolyte.41

Herein, because of poor interaction of the polymer chains, the
ionic conductivity decreased when PMMA-EA (4 wt %) was
added to the liquid electrolyte, but for the PGE with PMMA-
EA (7 wt %), the copolymer chains efficiently interacted to
form a three-dimensional continuous network that enhanced
charge transport for the proposed charge-exchange reaction to
occur. PMMA is reported not only to act as an inert matrix
surrounding the liquid in PMMA-based gel electrolytes but also

Figure 3. Nyquist plots of EIS spectra measured for electrolytes
prepared using PMMA-EA copolymer at varied concentrations.
Symbols illustrate the measured data, and solid curves represent the
fitted results obtained from simulations based on the equivalent circuit
model shown in the inset.
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to interact with the ions and liquid components.42 PMMA has
the ability to solvate cations, which is beneficial for the
dissociation of LiI and BMII, leading to increased concen-
trations of I− and I3

−. Such dense and oriented I−/I3
− paths

thus improve the charge transport based on the exchange
reaction. When the concentration of PMMA-EA further
increased, the polymer cages interconnected, however, and
readily formed aggregates in the electrolyte, leading to a
decreased ionic transport. Figure 3 shows that the charge-
transfer resistance at the Pt/electrolyte interface (Rpt) increased
with increasing concentration of PMMA-EA. Rpt was 1.7 Ω cm2

in the liquid electrolyte and increased to 3.2 Ω cm2 in the PGE
containing PMMA-EA (13 wt %). According to the literature,
the charge-transfer resistance at the Pt surface is inversely
proportional to the roughness factor of the counter electrode.43

Herein, the adsorption of PMMA-EA copolymer onto the Pt
counter might hinder direct contact of the PGE with the
counter electrode, and thereby inhibit the reduction of triiodide
at the counter electrode, which leads to an increased Rpt.
Figure 4a presents the viscosity data of the electrolytes

containing PMMA-EA in varied proportions and measured at

varied temperatures. The ACN-based liquid electrolyte
exhibited a viscosity of less than 0.001 Pa s near 23 °C. The
results show that the viscosity of the electrolytes containing
PMMA-EA at varied concentrations decreased exponentially
with increasing temperature. These data are correlated with a
simplified McAllister equation:44

ξ ξ = + Δ *
B

G
RT

ln( / ) ln( )0 (4)

in which ξ and ξ0 are the viscosities of the electrolytes in the
presence and absence of the copolymer, respectively, ΔG*
denotes the flow Gibbs energy, T the temperature, and R the
molar gas constant, and B is a constant over a small
temperature range. The physical meaning of ΔG* is the energy
barrier impeding flow in a polymer electrolyte. As shown in
Figure 4b for the plots of ln(ξ/ξ0) vs T−1, each electrolyte
system possessed two values of Gibbs energy corresponding to
two distinct phase states of the electrolytes, for which ΔGg*
and ΔGl* represent the flow Gibbs energies in the gel state
(lower temperature region) and the liquid state (higher
temperature region), respectively. With increasing temperature,
the phase state of the PGE transformed from the gel state with
a greater viscosity and Gibbs energy to the liquid state with a
smaller viscosity and Gibbs energy. Table 1 presents the flow
Gibbs energies calculated from the McAllister plot in both the
gel (ΔGg*) and viscous liquid (ΔGl*) states. The results exhibit
a systematic trend of ΔGg*, in which the Gibbs energy in the
gel state increased from ΔGg* = 9.1 kJ mol−1 at PMMA-EA (4
wt %) to ΔGg* = 34.6 kJ mol−1 at PMMA-EA (13 wt %). Table
1 lists the temperatures (Tp) of the transition between the gel
and liquid phases obtained from the data in Figure 4b. These
temperatures systematically increased from Tp = 321 K for the
PGE containing PMMA-EA (4 wt %) to Tp = 333 K for the
PGE with PMMA-EA (13 wt %).

3.3. Photovoltaic Performance of NT-DSSCs Based on
Electrolytes Containing PMMA-EA at Varied Concen-
trations. Parts a and b of Figure 5 show the J−V characteristics
and the corresponding IPCE action spectra of NT-DSSC
devices with L = 30 μm and electrolytes containing PMMA-EA
at varied concentrations, respectively; Table 2 summarizes the
resulting photovoltaic parameters. Because incident light was
absorbed by the I−/I3

− electrolyte and light was scattered at the
Pt-FTO counter electrode, the IPCE values of an NT-DSSC
device with rear illumination were less than those of its
counterpart front illumination.30 When PMMA-EA (4 wt %)
was added to the liquid electrolyte, JSC of the device decreased.
On further addition of the copolymer, JSC increased to attain a
maximum at 7 wt %, and then decreased with further increased
concentration, consistent with the variation of the ionic
conductivity shown in Table 1. VOC of the NT-DSSC increased
upon addition of PMMA-EA to 7 wt %, and decreased on
further addition of the copolymer. The increased VOC in the
PGE-based NT-DSSC compared to its liquid-type counterpart
is consistent with the results previously reported.15,45 The
physical phenomenon is explained with the following equation:

= −⎜ ⎟⎛
⎝

⎞
⎠

⎛
⎝⎜

⎞
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kT
e

I

n k
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[I ]OC
inj
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which involves the Boltzmann constant (k), temperature (T),
proton charge (e), incident photon flux (Iinj), concentration of

Table 1. Ion Conductivity (σ), Ion Diffusivity (D1), Charge-Transfer Resistance at the Pt/Electrolyte Interface (Rpt), Flow
Gibbs Energies (ΔGl* and ΔGg*), and Temperature of the Phase Transition of Electrolytes Containing PMMA-EA Copolymer
at Varied Concentrations

[PMMA-EA], wt % σ, mS cm−1 D1, 10
−6 cm2 s−1 Rpt, Ω cm2 ΔGl*, kJ mol−1 ΔGg*, kJ mol−1 temp, K, of phase transition

0 5.51 7.21 1.7
4 3.75 5.87 1.8 6.9 9.1 321
7 4.58 4.75 2.2 10.0 17.2 326
10 3.95 3.87 3.0 12.6 25.1 330
13 3.05 2.96 3.2 15.0 34.6 333

Figure 4. (a) Viscosity (ξ) as a function of temperature (T) and (b)
ln(ξξ0

−1) vs T−1 for electrolytes containing varied concentrations of
PMMA-EA copolymer.
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electrons at the TiO2 surface (ncb), and coefficient for the rate
of charge recombination (ket). VOC of a DSSC was kinetically
limited by the charge recombination, whereby the electrons
from the conduction band of TiO2 recombined with I3

− in the
electrolyte. The increased VOC is attributed to the additional
function of the PMMA-EA matrix in passivating the active TiO2
surface and partly suppressing the charge recombination.15,45

With the copolymer at a larger concentration, the ionic
transport decreased as a result of aggregation in the electrolyte
(Table 1). The decreased ionic conductivity at larger
concentration of PMMA-EA might result in retardation of
dye regeneration; then the injected conduction band electrons
could have a chance to transfer back into the oxidized dye
molecules, leading to a decreased VOC.
Our results show a systematic trend for the fill factor (FF)

decreasing with increasing concentration of PMMA-EA. We
expect that (1) the increased resistance of charge transfer at the
Pt/electrolyte interface due to the adsorption of polymer onto
the Pt counter electrode and (2) the decreased penetration of
electrolyte inside the TiO2 nanotubes as a result of the large
viscosity of the PGE are responsible for the decreased FF at a
greater concentration of PGE. The overall performance of the
devices indicates that the best performance of a gel-state NT-
DSSC was obtained with PMMA-EA at 7 wt %. The device
performance decreased with further increased concentration of
the copolymer. For the liquid-state NT-DSSC as a reference,
the values are JSC = 12.95 mA cm−2, VOC = 771 mV, FF = 0.707,
and η = 7.1%. For the NT-DSSC based on the PGE containing

PMMA-EA (7 wt %), the corresponding values of these
photovoltaic parameters are respectively 12.68 mA cm−2, 791
mV, 0.684, and 6.9%; the overall efficiency of power conversion
of the gel-state NT-DSSC device is comparable with that of its
liquid-state counterpart.
There is an intrinsic discrepancy between the present study

using anodic TiO2 NT arrays and many other conventional
studies using low-dimensional nanomaterials:23−26 the TiO2
NT arrays are vertically oriented on Ti foil, while the
conventional 1D TiO2 nanomaterials are randomly packed in
a mesoporous environment on a TCO glass substrate. Our
approach thus provides a direct transport channel for ionic
conduction when a polymer-gel electrolyte is applied. Although
other screen-printing methods can be easily applied to make 1D
TiO2 layers on TCO for front-side illumination,46 calcination at
a high temperature is required. This limits the conventional gel-
state DSSC to make a flexible device. In contrast, the anodic
TiO2 NT arrays do not have this problem so that flexible
devices can be feasibly fabricated.29 Moreover, the charge-
collection efficiency was much enhanced for the anodic TiO2
NT films compared to the conventional NP films, as reported
by Zhu et al.47 On the other hand, it has been reported that the
efficiencies of the DSSCs based on randomly packed 1D
nanostructures were lower than those of traditional DSSCs
based on mesoporous nanoparticles due to the problem of
insufficient amounts of dye loading for the former case.46

However, for gel-state electrolytes, these 1D TiO2 nanostruc-
tures may have the potential to improve the device performance
of the DSSC due to their excellent pore-filling property and
great charge-transport characteristic in comparison with their
NP-based counterparts. As pointed out by Kang and co-
workers,48 the increase in the pore size of the photoanode using
a variety of TiO2 nanostructures leads to an improvement in
the pore-filling of a polymer electrolyte into the TiO2
mesopores. According to our approach, the pore diameter of
the anodic TiO2 NT arrays is large enough to facilitate the
penetration of the PGE into the TiO2 NT film. Furthermore,
the vertically oriented 1D TiO2 NT arrays can be produced at a
longer tube length to create a larger surface area for sufficient
dye adsorption, and the open structure of the nanotubes offers

Figure 5. (a) Current−voltage characteristics and (b) IPCE action spectra of NT-DSSC devices with L = 30 μm fabricated with electrolytes
containing PMMA-EA copolymer at varied concentrations.

Table 2. Photovoltaic Parameters of NT-DSSC Devices with
L = 30 μm Fabricated with Electrolytes Containing PMMA-
EA Copolymer at Varied Concentrations under Simulated
AM-1.5 Illumination (Power 100 mW cm−2) and an Active
Area of 0.16 cm2

[PMMA-EA], wt % JSC, mA cm−2 VOC, mV FF η, %

0 12.95 771 0.707 7.1
4 11.82 782 0.687 6.4
7 12.68 791 0.684 6.9
10 12.05 786 0.655 6.2
13 11.08 766 0.649 5.5
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a great pore-filling property to attain a device performance for
the gel-state NT-DSSC comparable to that of the liquid-state
counterpart.
3.4. Enduring Stability of NT-DSSCs Based on Liquid

and Gel Electrolytes. The stabilities of NT-DSSC devices
fabricated with an ACN-based liquid electrolyte and a PGE
containing PMMA-EA (7 wt %) in ACN were tested for varied
periods under 1 sun of illumination at 50 °C. Because the
temperature for the transition from the gel to liquid phase for
the PGE containing PMMA-EA (7 wt %) was above 50 °C
(Table 1), the PGE inhibited the evaporation of the solvent
below 50 °C. Figure 6 shows the variation of the photovoltaic
parameters of the two devices as a function of the period over
1000 h under light soaking with 1 sun of irradiation and
thermal stress at 50 °C. In the first 200 h, the performance of
the gel-state NT-DSSC decreased slightly from η = 6.4% to η =
6.0% and thereafter remained steady. The variation of JSC
exhibited a similar trend, but VOC and FF first increased and
then remained nearly constant. After light soaking for more
than 1000 h, the gel-state NT-DSSC retained 90% of its initial
performance. For the liquid-state NT-DSSC, the efficiency of
the device decreased slightly from η = 6.6% to η = 6.2% in the
first 100 h, and remained nearly constant up to ∼300 h, but the
device performance then began to deteriorate; the device
efficiency retained less than 30% of its initial value after 570 h.
These results indicate that the decreased efficiency of the liquid
device was due mainly to the decreased JSC, which is attributed
to evaporation of the volatile solvent. Our results thus confirm
that the polymer cages in the PGE can efficiently trap the
solvent, which can restrain the leakage and evaporation of a
liquid electrolyte, therefore leading to a great enduring stability
of the device, as we have observed.

4. CONCLUSION
The poor infiltration and trap-limited diffusion for electron
transport are two major drawbacks of employing conventional
electrodes based on nanoporous TiO2 NPs in applications in
gel-state DSSCs. In this work, we utilized potentiostatic
anodization to prepare highly ordered and vertically oriented
TiO2 NT arrays as a photoanode to fabricate gel-state DSSCs.
The TiO2 NTs facilitated the penetration of the gel electrolyte
through their open structure, and also improved the transport
of charge as a result of their one-dimensional structural nature.

The TiO2 NT films of tube length L = 30 μm were sensitized
with N719 dye and fabricated into gel-state devices containing
PMMA-EA copolymer in ACN solvent and varied proportions
(4, 7, 10, and 13 wt %). The ionic conductivity and diffusivity of
the corresponding PGEs in devices with a symmetrical
configuration were determined from the measured EIS spectra.
The electric conductivity of the PGE was optimum with
PMMA-EA at 7 wt %. On the basis of the viscosities measured
at varied temperatures, the temperatures (Tp) of the phase
transition of these PGEs were determined; Tp exhibited an
increasing trend with increasing concentration of PMMA-EA.
With the PGE containing PMMA-EA (7 wt %), the NT-DSSC
yielded a power conversion efficiency of 6.9%, which is
comparable with that of the corresponding liquid electrolyte
cell. The gel-state NT-DSSC with PMMA-EA (7 wt %)
retained 90% of its initial efficiency over 1000 h under 1 sun of
illumination at 50 °C. Because of the superior enduring stability
of the device, PMMA-EA is a promising gelator in combination
with a TiO2 NT photoanode for future DSSC applications.
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