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D
ye-sensitized solar cells (DSCs) have
attracted great interest in aca-
demic research and industrial ap-

plications owing to the potential low cost
alternative to the traditional silicon solar
cells.1 DSC typically consists of a nanocrys-
talline TiO2 film covered by a monolayer of
dye molecules, redox electrolyte, and coun-
terelectrode. Cells based on randomly asso-
ciated TiO2 nanoparticles with a size of
10�30 nm have been widely used as pho-
toanode achieving 11% photovoltaic con-
version efficiency.2 Considerable efforts
have been devoted to the development of
more efficient photoanode materials includ-
ing ordered meso-structured materials,3

one-dimension structured materials (nano-
rod, nanowire, nanotube), etc.4–6 In these
materials superior photovoltaic perfor-
mances may be achieved through the real-
ization of photoanode materials with or-
dered structure resulting in the
improvement of electron transport. Highly
ordered TiO2 nanotube arrays are particu-
larly attractive candidates to achieve this
task.6–8

Flexible solar cells are of great advan-
tage because of potential low cost roll-to-
roll production and have been described
previously by a number of groups.9–11 Metal
or transparent conductive copolymers were
used as substrate for the working elec-
trode and/or counterelectrode, However
photovoltaic performance is hampered by
slow electron transport in nanoparticle films
that underwent low temperature sintering
or/and a large resistance of the ITO polymer
current collector. Recently our group has re-
ported a remarkable light to electricity con-

version efficiency for the flexible solar cells
based on TiO2 nanoparticles coated on the
Ti foil as working electrode and ITO-PEN as
counterelectrode.12 However these flexible
DSCs contains volatile organic solvent elec-
trolyte which precludes practical applica-
tions due to the organic solvent permeation
across the plastic current collector. Hence,
the ultimate redox electrolyte for flexible
DSC application should be a solvent free
electrolyte. Ionic liquids are potential candi-
dates to replace organic solvent because of
huge practical advantage over organic sol-
vent electrolytes. Recently, we achieved a
new record of 7.6% efficiency for a new bi-
nary ionic liquid (1-propyl-3-
methylimidazolium iodide and 1-ethyl-3-
methylimidazolium tetracyanoborate) elec-
trolyte based DSCs.13

Here, we report for the first time on the
use of ordered TiO2 nanotube array as pho-
toanode material for ionic liquid electrolyte-
based rigid and flexible dye-sensitized so-
lar cells, that showed impressive
photovoltaic performance.
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ABSTRACT TiO2 nanotube arrays prepared by electrochemical anodization of Ti foils show impressive light to

electricity conversion efficiency in the dye-sensitized solar cells (DSCs). The length of the TiO2 nanotube arrays

(5�14 �m) was controlled by varying the anodization time from 2 to 20 h. The influence of nanotube lengths

on the photovoltaic performance of DSCs was investigated by impedance. A flexible DSC using TiO2 nanotube arrays

on a Ti foil as a working electrode and polyethylene naphthalate (ITO/PEN) as counterelectrode in combination

with solvent-free ionic liquid electrolyte achieved 3.6% photovoltaic conversion efficiency under simulated AM 1.5

sunlight.
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RESULTS AND DISCUSSION
Figure 1 shows the typical SEM images of TiO2 nan-

otubes (TNT) obtained by the anodization procedures

(see Experimental Section). The average TNT lengths are

5, 7, and 14 �m as the anodization time increased from

2 (a), 4 (b), and 20 h (c), respectively. The closely packed

highly ordered TNT were obtained at present anodiza-

tion conditions independent of the time. Figure 1d is

the enlarged image of the sample made with 4 h anod-

ization, which shows �70 nm in pore size and �8 nm

in the TNT wall. The structures of the sample were char-

acterized by XRD measurements. The XRD patterns

(data not shown) of a 7 �m thick TNT film after anneal-

ing at 500 °C for 3 h show that the TNT samples have

anatase structure in contrast to earlier work where the

presence of rutile at the interface between the TNT
and Ti substrate was suggested.14 However, rutile was
not witnessed in our present preparations.

Figure 2 shows the current�voltage curves of DSCs
based on the organic dyes and the binary ionic liquid
electrolyte as a function of TNT length under simulated
AM 1.5 light. The short circuit photocurrent densities
(Jsc) obtained with TNTs of 5, 7, and 14 �m length was
4.95, 5.58, and 6.11 mA cm�2, respectively. The highest
photovoltaic performance of 3.3% was achieved with a
14 �m length TNT sample. Detailed photovoltaic per-
formance parameters of the DSCs for films with differ-
ent nanotube length are presented in Table. 1. The Voc

of the DSCs decreases with increasing length of TNT
nanotube because of the increase in the dark current

Figure 2. Current�voltage characteristic of solar cells based
on different TiO2 nanotube length using rigid (Pt/FTO-glass)
and flexible (Pt/ITO-PEN) substrates. Solid lines were mea-
sured under AM 1.5 full sunlight (100 mW/cm2) illumination.
Dot lines were measured in the dark.

Figure 1. SEM images of TiO2 nanotube made with different anodization time: (a) 2 h, 5 �m in length; (b) 4 h, 7�m in length;
(c) 20 h, 14 �m in length; (d) the enlarged image for 4 h’s sample, 70 nm in pore size, and 8 nm in tube wall.

TABLE 1. Photovoltaic Performance Parameters of Solar
Cells Based on Different TiO2 Nanotube Length with Pt/
FTO-Glass or Pt/ITO-PEN as Counterelectrode which
Measured under AM 1.5 Full Sunlight Illumination (100
mW cm�2)a

TiO2 nanotube
length (�m)

counterelectrode
Jsc

(mA cm�2)
Voc

(mV)
FF � (%)

5 Pt/FTO-glass 4.95 763 0.666 2.52
7 Pt/FTO-glass 5.58 759 0.675 2.86
14 Pt/FTO-glass 6.11 743 0.725 3.29
14b Pt/ITO-PEN 8.99 709 0.561 3.58
14 Pt/ITO-PEN 7.80 705 0.58 3.19

aThe spectral distribution of the xenon lamp simulates air mass 1.5 solar light. The
active area of the devices with a metal mask is 0.158 cm�2. bOpen cell.
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which scales with the surface area of the titania films,
in agreement with previous nanoparticle-based DSCs.15

The Voc values in table 1 are higher by about 40 mV
compared to typical values obtained with nanocrystal-
line films that show a similar photocurrent of 5�6 mA
cm�2 and employ the same electrolyte and the same
ionic liquid as the TNT cells. This finding is encourag-
ing as it indicates that the recapture of conduction
band electrons by the triiodide ions in the ionic liquids
is slower for the TNT-based films than for random par-
ticular networks.

The dark current curves in Figure 2 confirm that the
14 �m TNT sample has a lower onset potential for the
reduction of I3

� than the other two samples which is in
keeping with its higher surface area.

To investigate a lightweight and flexible embodi-
ment of the TNT cell, a ITO-PEN transparent conduc-
tive substrate was used to replace the FTO-glass. It is in-
teresting to note that the device made with flexible
conductive Pt/ITO-PEN polymer substrate as counter-
electrode showed comparable photovoltaic perfor-
mance to the Pt/FTO/glass devices. The photovoltaic
parameters (Jsc, Voc, FF and �) of TiO2 nanotube-based
flexible solar cells were 8.99 mA cm�2, 709 mV, 0.561
and 3.58%, respectively (shown in Table 1). The flexible
solar cells with Pt/ITO-PEN as counterelectrode shows
higher photocurrent compared to rigid solar cells with
Pt/FTO-glass as counterelectrode. This probably arises
from the fact that the flexible counterelectrode is di-
rectly placed on the TNT layer reducing optical losses
as the triiodide ions contained in the ionic liquid filter
the light that enters through the counterelectrode.

Impedance spectroscopy has been regarded as a
powerful technique to characterize the transport and
recombination in DSC and suitable physical models
have been developed to interpret the results.16,17 The
cells prepared with Pt/FTO-glass and Pt/ITO-PEN as
counterelectrode were compared by the electrochemi-

cal impedance spectroscopy. Impedance spectra were
measured in the dark at an applied potential bias of
�0.7 V. The high frequency semicircle in Nyquist plots

corresponds to charge transfer at the counterelectrode
(Pt/electrolyte interface). The reaction resistance of the
counterelectrode was analyzed by software (Z-view) us-
ing an equivalent circuit containing a constant phase el-
ement (CPE) and resistances (R) (Figure 3, inset). The se-
ries resistance (Rs) was 8.9 ohm for rigid solar cell (Pt/
FTO-glass) and 49.6 ohm for flexible solar cell (Pt/ITO-
PEN). Further, the interface resistance of Pt/electrolyte
(RPt) was 4.6 ohm and 62.4 ohm for Pt/FTO-glass and Pt/
ITO-PEN, respectively. Therefore, the low FF of flexible
DSC based on Pt/ITO-PEN substrate is due to higher Rs

value and lower activity of Pt catalyst at the Pt/ITO-PEN.
In conclusion, this is the first time a flexible DSC pre-

pared with TiO2 nanotube arrays as photoanode and
transparent conductive polymer Pt/ITO-PEN as counter-
electrode in combination with ionic liquid electrolyte
obtained 3.6% efficiency at AM 1.5 simulated full sun-
light. The photovoltaic performance of devices depends
on the length of nanotube. Flexible ionic liquid electro-
lyte solar cells will stimulate considerable interests for
academic research and practical applications.

EXPERIMENTAL SECTION
Highly ordered TiO2 nanotube arrays were prepared by an-

odization of Ti foils (99.7%, 0.25 mm, Aldrich) in a two-electrode
cell containing a Pt counterelectrode.18–20 The anodization was
performed at 35 V at room temperature in a solution of 0.25 wt
% NH4F and 0.75 wt % H2O in ethylene glycol for different time
intervals that resulted in various nanotube lengths. The as-
prepared TiO2 nanotube samples were soaked in 0.04 M aque-
ous TiCl4 solution for 30 min at 70 °C, which improves the pho-
tocurrent and photovoltaic performance. The TiCl4 treated TiO2

nanotube samples were rinsed with water and ethanol and then
annealed in air at 500 °C for 3 h using a heating rate of 2 °C/
min to crystallize the initially amorphous anodized films. The
sample morphology and crystallinity were characterized using
scanning electron microscopy (Philips XL30 FEG) and X-ray dif-
fraction (XRD), respectively. The sintered nanotube samples were
immersed into 0.3 mM solution of a novel indoline organic dye
coded as D20521 in acetonitrile and tert-butyl alcohol (volume ra-
tio 1:1) for 16 h. The newly developed binary ionic liquid electro-
lyte contained 0.05 M I2, 0.5 N-butylbenzimidazole (NBB), 0.1
guanidinium thiocyanate (GuNCS) in a mixture of 65 vol % PMII

and 35 vol % EMIB(CN)4.13,22 Pt/FTO-glass or Pt/ITO-polyethylene
naphthalate (ITO-PEN, a gift from Konarka Technologies, Inc.,
MA) were used as counterelectrode for rigid or flexible solar cells,
respectively. The detailed fabrication procedures and photovol-
taic performance characterizations of dye-sensitized solar cells
were explained in our earlier publication.15 Devices were made
with Pt/FTO-glass or Pt/ITO-PEN as a counterelectrodes using
Surlyn as a spacer. In addition, in the preparation of an open flex-
ible DSC, first the TiO2 nanotube array is sensitized with dye. Af-
terwards, a drop of electrolyte was placed on top of it, and the
flexible counterelectrode (Pt/ITO-PEN) was gently placed on top
of the electrode. Impedance spectra of DSCs were measured in
the dark at �0.7 V forward bias using a potentiostat (EG&G,
M273) equipped with a frequency response analyzer (EG&G,
M1025).
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Figure 3. Impedance spectra of DSCs based on 14 �m TiO2

nanotube and rigid (Pt/FTO-glass) or flexible (Pt/ITO-PEN)
counterelectrode, measured in the dark under �0.70 V ap-
plied bias. The inset shows the equivalent circuit used to
analyze the high frequency semicircle.
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