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In the present work, we report a simple method of making
glass-based dye-sensitized solar cells (DSSCs) with individual
free-standing TiO, nanotube arrays.

Dye-sensitized solar cells (DSSCs) are promising subjects for
commercialization in the near future due to their high energy
conversion efficiency and low production cost, making them a
cheaper alternative to silicon solar cells.'® The electron-
collecting layer in a DSSC is typically a 10-15 pm-thick
nanoparticulate film, with a three-dimensional network of
15 nm-sized interconnected nanoparticles.® To obtain a high
power conversion efficiency, a nanoporous film with a large
surface area should be used to maximize the amount of
photogenerated charge. Photoexcited ruthenium-based dyes
inject electrons into the TiO,. The injected electrons diffuse
through a disordered TiO, film with a high grain boundary to
the counter-electrode. Analysis of photocurrent measurements
indicate that the light-harvesting efficiencies of vertically-
grown nanotube-based DSSCs are higher than those found
for DSSCs incorporating nanoparticles, owing to a stronger
light scattering effect.” In addition, recombination between
electrons injected from dyes and the electrolyte was much
slower in the nanotube-based films, indicating that the nano-
tube-based DSSCs have significantly higher charge collection
efficiencies than their nanoparticle-based counterparts.’
Highly-ordered vertically-oriented TiO, nanotube arrays
fabricated by potentiostatic anodization constitute a material
architecture that offers a large internal surface area without a
concomitant decrease in geometric and structural order.®™'?
DSSCs with these oriented TiO, nanotube arrays have shown
a 3.3% incident photon-to-current conversion efficiency and a
3% overall conversion efficiency.'*!* Recently, Grimes’ group
achieved 4.4 and 6.89% overall conversion efficiency by using
TiO, nanotube arrays made by the anodization of a Ti-foil in a
backside-illuminated DSSC.'>!6 The application of TiO,
nanotubes grown on Ti-foil requires backside illumination, a
less than optimal approach for power conversion efficiency,
because the Pt coated onto a fluorine-doped tin oxide (FTO)
glass partially reflects light, while the iodine electrolyte ab-
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sorbs photons in the near UV region. To resolve this draw-
back, a new methodology of fabricating nanotube arrays on
FTO glass, and their application to DSSCs, has been re-
ported.'* However, the reported method involves the sputter-
ing of Ti-films onto FTO glass, thus leading to a high
fabrication cost. More recently, Albu et al. reported the
preparation of a free-standing TiO, membrane by the selective
dissolution of a metallic substrate.!” This method is also very
time consuming process, as it takes more than 10 h to remove
the metallic substrate. Paulose ef al. described a process
including a critical point drying method by which nanotube
array films can be transformed into free-standing mem-
branes.!® Through the use of their technique, free-standing
TiO; nanotube arrays with 200 pum-thickness can be prepared
and used to control the diffusion of phenol red.

Here we report a simple and inexpensive methodology for
preparing TiO, nanotube arrays on FTO glass (Fig. 1). The
prepared nanotube arrays are then used as photoanodes for a
DSSC. This method is composed of four steps: (i) growth of
TiO, nanotube arrays with various aspect ratios on Ti thin
foil, (ii) detachment of the TiO, nanotube arrays, (iii) transfer
and fixation of the TiO, nanotube arrays to FTO glass, and
(iv) thermal annealing of the TiO, nanotube arrays onto FTO
glass. For the first step, highly-ordered, 7-35 um-thick TiO,
nanotube arrays were made by the anodization of a thin film
Ti foil (Goodfellow, England) in 0.25 wt% NH4F and 2 vol%
H,O containing ethylene glycol.'® Ti foils anodized at 60 V
resulted in the formation of nanotube arrays, as shown in
Fig. 2. The arrays consisted of very regular tubes, with a
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Fig. 1 Scheme for fabricating TiO, nanotube arrays on FTO glass.
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Fig. 2 Cross-sectional field emission scanning electron microscopy
(FESEM) image of TiO, nanotube arrays.

diameter of ~130 nm and a wall thickness of ~15 nm. The
thickness of the TiO, films was controlled by the
anodization time.

In order to separate the TiO, nanotube arrays from the
metallic Ti substrate, the arrays were immersed in 0.1 M
aqueous HCI for 1 h (Fig. 3; (a) before, (b) after). After this
simple process, a free-standing TiO, film, which had an
opaque appearance and could be easily handled with tweezers,
was obtained (Fig. 3(c)). The ease of oxide film detachment
described in this process is a notable feature, particularly given
that no pre-treatment of the Ti substrate was required.

Fig. 3 Photographic images of the detachment process.

We have prepared and transferred TiO, nanotube arrays as
large as 3 x 3 cm (the dimensions are limited only by the size of
the substrate). In the next step, the films were transferred onto
FTO glass, and two drops of 100 mM Ti-isopropoxide were
subsequently applied to the TiO, films to form interconnec-
tions between the FTO glass and the TiO, film. Films were
annealed at 500 °C for 30 min in air, with heating and cooling
rates of 1 °C min~' to induce crystallinity. To coat dye onto the
TiO, films, the samples were immersed in a 3 x 107 M
Ru(m)LL'(NCS), (L = 2,2'-bipyridyl-4,4’-dicarboxylic acid;
L’ = 2,2-bipyridyl-4,4'-ditetrabutylammonium carboxy-
late, Solaronix) ethanol solution for 4 d. Photos for each step
are provided in the ESL.¥ To prepare Pt counter-electrodes,
hydrogen hexachloroplatinate(1v) hydrate (Aldrich, 99.9%) in
a 2-propanol solution was coated on FTO glass (Pilkington,
TEC 8), followed by heating at 450 °C for 30 min.'” The dye-
adsorbed TiO, electrode and Pt counter-electrode were as-
sembled into a sealed sandwich-type cell by heating with a hot
melt of a polymer film (Surlyn, Dupont 1702). Single drops of
the electrolyte solution were, respectively, introduced into
holes drilled in the counter-electrode of the assembled cell,
followed by sealing the holes using a microcover glass and
Surlyn. The electrolyte was composed of 0.6 M butylmethyl-
imidazolium iodide, 0.03 M I, 0.1 M guanidinium thiocyanate
and 0.5 M 4-tert-butylpyridine in a mixture of acetonitrile and
valeronitrile (v/v, 85 : 15).

The photocurrent (/) and photovoltage (7) of the DSSCs were
measured with an active area of 0.03-0.15 cm? using simulated
solar light at AM 1.5, produced by a 1000 W xenon lamp (Oriel,
91193). The J—V characteristics of the devices with 35 um TiO,
nanotube arrays are shown in Fig. 4. At | sun illumination, the
nanotube DSSC exhibited a Jg. (short-circuit current) of 16.8 mA
cm 2, a V. (open-circuit voltage) of 0.733 V and a fill factor
(FF) of 62%, with an overall conversion efficiency of 7.6%. In
a previous paper, a TiO, nanotube/FTO glass-based DSSC
without TiCl, treatment showed a five-times higher value
compared to that of a non-treated DSSC.'* In our study,
when FTO glass treated with a 40 mM TiCly solution was used
as a substrate, a roughly 30% enhanced photocurrent was
observed. We believe that this enhancement can be attributed
to a reduction of the charge recombination between photo-
injected electrons in the substrate and the oxidized dye.?° Open
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Fig. 4 Photocurrent—photovoltage characteristics of transparent
nanotube array-based DSSCs.
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Fig. 5 Photovoltage-decay measurement of transparent nanotube
array-based DSSCs.
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Fig. 6 Photocurrent—photovoltage characteristics of transparent
nanotube array-based DSSCs as a function of tube length.

circuit voltage decay measurements were conducted to inves-
tigate the recombination kinetics of the nanotube-based
DSSCs, with and without the underlayer (Fig. 5).'"* Zaban
et al. proposed that the rate of photovoltage decay is inversely
proportional to the lifetime of the photoelectron in the DSSC,
and that the lifetime of the electron is inversely proportional to
the rate of recombination.?! A DSSC with FTO glass treated
with a 40 mM TiCly solution exhibited superior recombination
characteristics with a longer lifetime, indicating that the
recombination rate had been reduced. However, the effect of
TiCl, treatment was weak compared to that described in
previous work.'* We conclude that Ti-isopropoxide, used to
connect the substrate and the TiO, nanotubular film, can also
reduce charge recombination.

Fig. 6 compares the J-V properties of the TiO, nanotube-
based DSSCs as a function of film thickness. With increasing
TiO, film thickness, Jy. increased linearly up to 35 pm, even
though the film thickness reached several tens micrometers.
This is directly attributed to the increase in the number of dye
molecules from the increased surface area of the film. More-
over, this increased light-harvesting efficiency in TiO, nano-

tube-based DSSCs could also be a result of stronger light
scattering effects.” Hence, these factors lead to significantly
higher charge collection efficiencies of the nanotube-based
DSSCs relative to those of nanoparticle-based DSSCs.

In summary, we have introduced a simple and cost-effective
method of making free-standing TiO, nanotube arrays that
allows remarkable control over their thickness. To date,
several researchers have demonstrated the strengths of TiO,
nanotubular systems compared with TiO, nanoparticle sys-
tems in DSSCs. However, the use of TiO, nanotube arrays for
DSSCs has been hindered by difficulties in fabricating the
arrays on transparent substrates. We believe that the ease of
oxide film detachment and transfer to FTO glass in this
process will facilitate increasing the power conversion
efficiency of DSSCs.
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