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The TiO2 nanotube was synthesized by a hydrothermal method dependent on tem-
perature. TiO2 nanotube was coated on FTO glass by screen printing The TiO2

nanotube was increasing as autoclaving temperature. The dye-sensitized solar cells
were fabricated using ruthenium (II)(N719) dye and electrolyte (I3=I

�
3 ). The crys-

talline structure and morphology were characterized by X-ray diffraction (XRD),
and scanning electron microscopy (SEM). The absorption spectra were measured
by UV-vis spectrometer. The conversion efficiency was measured by solar simulator.
The size and structure of TiO2 nanotube were adjusted by hydrothermal tempera-
tures. It was found that the conversion efficiency of DSSC was highly affected by
the properties of TNT. The diameter of the TiO2 particles depends on the different
hydrothermal temperatures.

Keywords Dye-sensitized solar cell; hydrothermal method; TiO2 nanotube

Introduction

Dye-sensitized solar cells (DSSCs) have been intensively studied following the dis-
covery of DSSCs in 1991. DSSCs have been extensively researched over the past dec-
ades due to their high-energy-conversion efficiency and especially low production
cost as cheaper alternatives to silicon solar cells [1,2]. Significant progress has been
made recently to enhance the efficiency, including novel sensitized dyes, electrolytes,
and photoanode (nanocrystalline metal oxide films) [3]. The photoanodes are com-
monly a three-dimensional network of interconnected TiO2 nanoparticles, the band
gap of which matches the sensitized dyes. TiO2 photoanodes are also characterized
by low cost and environmental design. The morphology of TiO2 can be widely tuned
to achieve the best efficiency. Grätzel et al. introduced mesoporous TiO2 particular
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films as photoanodes to enhance the effective surface area so as to absorb more dye
molecules and thus achieve more light absorption and greater efficiency. However, as
the mesoporous TiO2 particles are randomly connected, this will unavoidably lead to
the recombination of electron–hole pairs, decreasing efficiency. Subsequently,
researchers started to explore the application of ordinal TiO2 in the DSSCs; this
includes TiO2 nanowires, nanorods and nanotubes (NTs) [4,5]. TiO2 nanoparticle
films have been used as the photoelectrode in DSSC due to its high specific surface
area that allows the adsorption of a large number of dye molecules. These nanopar-
ticles have been prepared by several synthetic routes in a variety of particle sizes,
pore size distributions and crystallinities. These factors affect electron transport
and consequently, the charge recombination kinetics and the dark current of these
cells. In addition, the electron diffusion coefficient determined by laser flash-induced
transient photocurrent measurement [6,7] and intensity-modulated photocurrent
spectroscopy for TiO2 nanoparticles [8,9] was more than two orders of magnitude
lower than for bulk anatase. The decrease in the electron diffusion coefficient can
be a consequence of the presence of electron traps that occur in the grain boundaries
at the contacts between the nanoparticles. Thus, the use of oxide semiconductors in
the form of nanorods, nanowires and nanotubes may be an interesting approach to
improve electron transport through the film. Due to the one-dimensional nature of
these nanostructures, their morphology facilitates the electron transfer up to the col-
lecting electrode, decreasing the ohmic loss through the TiO2 nanorod. In addition, a
high level of dye adsorption on the TiO2 nanorod is expected due to the high surface
area presented in these nanostructures [10,11]. The introduction of TiO2 nanotubes,
with a much more open structure, allows the polymer electrolyte to penetrate easily
inside the film, increasing the interfacial contact between the nanotubes=dye and the
electrolyte. Conversely, the high surface area of TiO2 nanotubes also allows more
sensitize dyes to be chemically attached to the semiconductor surface. In this work,
TiO2 nanotubes were prepared hydrothermically with different temperatures. DSSC
was fabricated using prepared TNT.

Experiment

The TiO2 power was prepared by the sol gel method. The synthesis procedure for the
nano TiO2 is as follows: titanium (IV) tetra ispropoxide [TTIP(Aldrich Chemical)],
nitric acid, ethanol, and distilled water were combined. The prepared sol was dried
to yield TiO2 powder. The TiO2 powder was calcinated in air at 450�C for 1 h using a
programmable furnace to obtain the desired stoichiometry and crystallinity of the
TiO2. 10 g of the TiO2 powders prepared by sol gel method were mixed with
500ml of NaOH aqueous solution with the concentration of 10mol, followed by
hydrothermal treatment at 120�C, 150�C and 200�C in a Teflon-lined autoclave
for 12 h. The treated powders were washed thoroughly with distilled water and
0.1M HCl several times and subsequently filtered and dried at 80�C for 1 day.
The products were calcined at 450�C in air for 1 h.

The prepared paste was then coated onto FTO conductive glass using the screen
printing. The TNT films were calcinated in air at 450�C for 1 h using a programma-
ble furnace to obtain the desired stoichiometry and crystallinity of the TiO2. The
nanoporous TiO2 films were immersed into the dye (N719) complex for 24 h at room
temperature. A counter electrode was prepared by dropping an H2PtCl6 solution
onto FTO glass and heating at 450�C for 30min. The dye-adsorbed TiO2 electrode
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and the PT counter electrode were assembled into a sandwich type cell and sealed
with a hot-melt sealant 50 mm thick. An electrolyte solution was introduced through
a drilled hole in the counter electrode. The hole was then sealed using a cover glass.

The phase identification of the particles obtained at various hydrothermal tem-
peratures was performed by X-ray diffraction (XRD) using a Rigaku D=MAX-2200
diffractometer with CuKa radiation. The morphology and the thickness of the
prepared TNT layers were investigated using field-emission scanning electron
microscopy (FE-SEM, model S-4700, HITACHI). The absorption spectra TNT
films were measured by UV-vis spectrometer (UV-vis 8453, Agilent). The conversion
efficiency of the fabricated DSSC was measured with an I-V Solar simulator (Solar
simulator, Oriel).

Results and Discussions

Figure 1 shows the XRD pattern of the sol gel TiO2 powders at 450
�C are a mixture

of the anatase and rutile phases. Figure 2 shows the XRD patterns of the TNT films
prepared at various hydrothermal temperatures. The TNT-A (120�C) are a mixture
of anatase and rutile phases. The XRD pattern of TNT-B (150�C) shows a promi-
nent anatase peak 25.4�C(101), 48�C(200). However, The XRD pattern of TNT-C
(200�C) shows a prominent rutile peak 27.4�C (110), 54.2�C (211). At TNT-C, the
anatase peaks nearly disappear, while the intensities of the rutile peaks considerably
increase, indicating that the transformation from anatase to rutile is complete. The
TiO2 films were observed to transform into the rutile phase, which has a more stabile
structure, as the temperature increases. We find that the crystallized direction inten-
sity changes under different hydrothermal temperatures.

The FE-SEM images of TiO2 layers prepared at various working pressures are
shown. FE-SEM images of the TiO2 powder sol gel and TNT films in various hydro-
thermal temperatures are shown. From Figure 3a, the diameter of the TiO2 powder

Figure 1. XRD patterns of the TiO2 powder by sol-gel method. (~: Anatase Phase, .: Rutile
Phase).
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prepared by the sol gel method is observed regularly to be 25 nm Figure 3b, c, and d.
From the FE-SEM images, the TiO2 particles exhibit tubular shapes. Figure 3b
shows the FE-SEM image of TNT film prepared at 120�C. The diameter of TNT
film at 120�C is observed to be 30 nm. Figure 3c shows the FE-SEM image of the
annatase TNT film. Figure 3d reveals a 60 nm outer diameter for the rutile TNT film
at 200�C. The SEM results show that the grain size of the rutile phase is larger than
that of the anatase phase. It was observed that the TiO2 film transformed into the
rutile phase, as the hydrothermal temperature increases. This shows that it influences
the size of the first particle.

Figure 4 shows the surface morphology of the TiO2 film on FTO glass. The
FE-SEM image shown clearly indicates that it is comprised of three parts. The
top part is the TNT layer, followed by a 5 mm thick layer. No evidence of a
second-phase interfacial layer between the TNT layer and the bottom FTO layer
was found.

The absorption spectra of the photoelectrode affect dye adsorption on TNT
film. Figure 5 shows the absorption spectra of dye N719 desorbed from the TiO2

film electrodes contained with different hydrothermal temperatures. At 320 nm
wavelength, the TNT prepared at TNT-B showed identical absorption of 3.644.
The absorption of the TNT film at 120�C is slightly reduced in the region
300 nm�800 nm compared to the TNT film prepared at 150�C. Increase in the
TNT diameter leads to decrease in absorption. The absorption of the TNT film pre-
pared at 200�C decreased to 2.497 at 320 nm wavelength.

The DSSCs were assembled using the photocurrent–voltage curves based on
the optimal conditions of the TNTs film. Figure 6 shows the current density of
the DSSCs measured under a simulated solar light irradiation of 100mW � cm�2

(Table 1 and Fig. 6). A DSSC with light-to-electric energy conversion efficiency
of 2.41%, short-circuit current density of 6.09mA � cm�2, open-circuit voltage of
0.679V and fill factor of 58.19% was achieved. For the TNT (150�C) film, the

Figure 2. XRD patterns of the TiO2 nanotube films at various hydrothermal temperatures. (a)
120�C, (b) 150�C, (c) 200�C (~: Anatase Phase, .: Rutile Phase).
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Figure 3. FE-SEM images of the TiO2 power and TiO2 nanotube films at various hydrother-
mal temperatures: (a) TiO2 power, (b) 120

�C, (c) 150�C, (d) 200�C.

Figure 4. FE-SEM images showing a cross–sectional view of TiO2 nanotube layer at 150�C.
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conversion efficiency showed the best result. Higher absorbance means a higher
dye concentration according to Lambert–Beer’s law; a suitable amount of TNT
in the film could provide a large surface area for the adsorption of the dye. It is
well-known that the photocurrent of the flexible DSSC is correlated directly with
the amount of the dye molecule; the more the dye molecules are adsorbed, the
more incident light is harvested, and a larger photocurrent occurs. Our experiments
demonstrate that TNT (150�C) adsorbs most dye N719 and produces a larger
photocurrent.

Figure 5. Absorption spectra of dye N719 desorbed from the TiO2 film electrodes contained
with different hydrothermal temperatures. : (a) 120�C, (b) 150�C, (c) 200�C.

Figure 6. I-V characteristic of DSSC using TiO2 nanotube films at various hydrothermal tem-
peratures.
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Conclusion

TiO2 nanotubes were successfully produced using a simple template-free sol-gel
method and hydrothermal method. The properties of dye sensitized solar cells based
on TiO2 nanotube films deposited by screen printing have been studied. The anatase
phase crystal property was found to be at its best at a hydrothermal temperature
120�C. The TiO2 layers had more of the rutile phase with an increase of the hydro-
thermal temperature. The TiO2 layer deposited was 5 mm thick. The variation of the
photoelectric conversion efficiency in the solar cells with different TiO2 layers is dis-
cussed, along with the analysis of the crystallite and optical properties of the films.
The DSSC fabricated on an anatase phase TiO2 layer deposited FTO electrode
shows the highest conversion efficiency of 2.41%, since it prevents electron transfer
to the electrolyte. From this it is deduced that as the hydrothermal temperature
increases, the grain size and crystalline structure of the TiO2 nanotube layer highly
affect the DSSC conversion efficiency.
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