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ABSTRACT

Oriented single crystalline titanium dioxide (TiO,) nano-pillar arrays were directly synthesized on the Ti
plate in tetramethylammonium hydroxide (TMAOH) solution by one-pot hydrothermal method. The
samples were characterized respectively by means of field-emission scanning electron microscopy
(FESEM), transmission electron microscopy (TEM), high-resolution transmission electron microscopy
(HRTEM), and X-ray diffraction (XRD). Results showed that the TiO, nano-pillar with a tetrahydral
bipyramidal tip grew vertically on the titanium substrate. HRTEM and Raman results confirmed that the
TiO, nano-pillar arrays were single crystalline anatase. The controls of morphology, size, and orientation
of the nano-pillar could be achieved by varying the solution concentration and hydrothermal
temperature. Furthermore, the special morphology of the TiO, nano-pillar arrays was caused by the
selectively absorption of the tetramethylammonium (TMA) through hydrogen bonds on the lattice
planes parallel to (0 0 1) of anatase TiO,. Less grain boundaries and direct electrical pathway for electron
transferring were crucial for the superior photoelectrochemical properties of the single anatase TiO,
nano-pillar arrays. This approach provides a facile in situ method to synthesize TiO, nano-pillar arrays
with a special morphology on titanium substrate.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Owing to the excellent chemical and photochemical stability,
high surface and interfacial areas, ideal photoelectrochemical
properties, and directional electron transport ability, one-dimen-
sional nanostructure titania (TiO,) including nanorods, nanowires,
nano-pillars and nanotubes are promising materials for numerous
applications, such as water photoelectrolysis [1], gas sensors [2],
dye-sensitized or Gratzel solar cell (DSSC) [3], and photonic
materials [4,5]. Especially for solar cells, the single crystal TiO,
with array architectures can provide direct electrical pathway for
photogenerated electrons and enhance the electron transport rate.
Therefore, the performance of the photocatalytic and photovoltaic
devices (such as DSSC) would be improved [6]. Indeed, a very
remarkable result of DSSC based on TiO, nanowire array has been
obtained [7].

Recently, more and more attention has been paid on one-
dimensional aligned nano-TiO, array. Considerable efforts have
focused on the synthesis of oriented one-dimensional TiO,
nanostructures. The synthesizing methods include high tempera-
ture oxidation [8], anode oxidation [9], glass phase topotaxy
growth (GPT) method [10], templated sol-gel methods [11],
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electron beam deposition [12], metal organic chemical vapor
deposition (MOCVD) [13], etc. However, these methods are
complicated, costly, and not suitable for large-scale preparation.
Therefore, a one-step template-free synthesizing route for one-
dimensional TiO, array becomes a significant challenge for
researchers.

Nowadays, substrate-anchored thin film and coating of
oriented nanostructures are often more desirable for application
[14]. Wu et al. [15,16] prepared ordered TiO, nanorods by using
directly oxidizing a Ti plate with H,O, solution, showing high
photocatalytic activity. Tian et al. [17] synthesized TiO, nanotube
array on Ti foil by hydrothermal method, which is an exciting
addition to a fast growing family of oriented one-dimensional
nanostructure TiO,. Hydrothermal method with simple and
convenient advantages is frequently used to synthesize well
crystallized nano-materials with uniform special morphology [18].
In this work, the uniform oriented single crystalline anatase TiO,
nano-pillar arrays were fabricated in tetramethylammonium
hydroxide (TMAOH) solution by a simple hydrothermal method.
Furthermore, we investigated the growth mechanism and photo-
electrochemical properties of this TiO, nano-pillar arrays.

2. Experimental

The titanium plate (99.99% purity) with a size of
2.5cm x 2.0 cm x 0.1 cm was polished, then washed by distilled
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Fig. 1. FESEM images of vertically oriented TiO, nano-pillar arrays, (a), (b) and (d) images of the sample synthesized at 200 °C with 12 h, with the TMAOH concentration of
0.5M,1 M, 1.5 M, respectively. (c) Cross-sectional FESEM image of the TiO, nano-pillar arrays (TMAOH concentration is 1 M, inset shows the bottom parts of the nano-pillars

arrays).

water, and dried in the oven. The sample was put into 60 ml
solution of 1M TMAOH in a 100 ml Teflon-lined stainless steel
autoclave. The autoclave was heated to 160-220 °C for some hours
in the oven. After the hydrothermal treatment, the specimen was
completely washed with distilled water for several times. Finally,
the sample was dried in the oven at 70 °C.

The morphologies of the samples were observed through field-
emission scanning electron microscopy (FESEM) (LEO-1530VP)
and transmission electron microscopy (TEM) (JEOL JEM-2100). The
X-ray diffraction (XRD) measurement was performed with a
Bruker D8 diffractometer with Cu Ko.. Radiation operated at 40 kV,
36 mA (A =0.154056 nm). The Raman spectra were collected at

Fig. 2. FESEM images of different samples, (a), (b), (c) and (d) images of the sample synthesized at 160 °C, 180 °C, 200 °C, 220 °C for 12 hiin 1 M TMAOH (the inset shows the

image of sample synthesized at 180 °C, 48 h).
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room temperature with a confocal Raman microscope (NT-MDT
NTEGRA Spectra) using a 514 nm laser as the excitation source.

The photoelectrochemical properties of the as-prepared speci-
mens were further investigated in three-electrode system with the
aid of electrochemical workstation CHI (660B), using the Ti foil
covered with the thin film of TiO, nano-pillar arrays, platinum
electrode, saturated calomel electrode (SCE) as the working
electrode, counter electrode, and reference electrode, respectively.
The Hg lamp (~8 mW) was used for UV illumination. The sample
size was 1.0 cm x 1.0 cm.

3. Results and discussion

Fig. 1 shows the FESEM images of as-prepared samples
synthesized in different concentration of TMAOH solution at
200 °C for 12 h. In Fig. 1(b) and (c) the top-view and side-view
images of nano-pillar arrays sample (prepared in 1M TMAOH at
200 °Cfor 12 h, in short, S200-12-1), show that a high uniform TiO,
nano-pillar arrays, with a size of 50-250 nm in width, 400-700 nm
in length, and a tetrahydral bipyramidal tip are oriented in the
vertical direction to the substrate. Fig. 1(c) shows cross-sectional
view of S200-12-1, indicating that the TiO, nano-pillars are
oriented in the vertical direction to the substrate. It is found that
the bottom parts of the nano-pillars arrays (inset of Fig. 1(c)) are
composed of a lot of small crystals, which may be destined for the
nucleus of the nano-pillars arrays. When the Ti plate was treated in
lower concentration of TMAOH solution (as shown in Fig. 1(a)),
S200-12-0.5 (prepared in 0.5M TMAOH at 200 °C for 12 h) is
composed of two kinds of crystals. One is bigger tetrahydral
bipyramidal nano-pillar (~700 nm in width, ~1500 nm in length)
without uniform orientation, compared to S200-12-1, and the
other is particulate crystal. Differently, when the sample is
prepared in higher concentration of TMAOH solution (seen in
Fig. 1(d)), the products S200-12-1.5 (prepared in 1.5 M TMAOH at
200°C for 12 h) are just some un-oriented nanoparticles in
irregular shape. Therefore, it can be concluded that the concentra-
tion of TMAOH is one of the key parameters for preparation of the
tetrahydral bipyramidal nano-pillar arrays. According to these
results, it is believed that the uniform tetrahydral bipyramidal
nano-pillars can be synthesized only in 1 M TMAOH solution and
the morphology of the products varies with the increase of the
TMAOH concentration (from non-uniform tetrahydral bipyramidal
nano-pillars to uniform tetrahydral bipyramidal nano-pillars, then
to irregular nanoparticle).
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Fig. 3. XRD patterns of TiO, nano-pillars arrays samples synthesized in 1 M TMAOH,
at different hydrothermal temperatures for 12 h.

The effect of the hydrothermal temperature on the product was
also investigated by observing the samples synthesized at different
temperatures (160, 180, 200, 220 °C) in 1 M TMAOH for 12 h, short
for S160-12-1, S180-12-1, S200-12-1, and S220-12-1 respectively.
As shown in Fig. 2, the uniform tetrahydral bipyramidal TiO, nano-
pillar arrays were formed at 200 °C. There was nothing formed on
the surface of the specimen prepared at 160 °C. When the
hydrothermal temperature was increased to 180 °C, even prolong-
ing hydrothermal time to 48 h (named S180-48-1), only some
nano-crystals without a uniform morphology and orientation were
observed (Fig. 2b). Based on FESEM observation of the sample
S$180-48-1 and S180-12-1, it can be observed that hydrothermal
time just has an effect on the size of crystals (longer time induced
larger size crystal), not on the orientation of the products. Fig. 2d
presents the morphology of the samples synthesized at 220 °C.
Obviously, tetrahydral bipyramidal nano-pillars were formed,
accompanied with some irregular smaller crystals, but the
orientation of the nano-pillars was random. The size of nano-
pillar (S220-12-1) was about 200 nm in width, 700 nm in length,
almost the same as that of S200-12-1. Accordingly, when the
hydrothermal temperature is higher than 200 °C, the size of the
nano-pillar almost keeps the same. Combining Fig. 1 and Fig. 2, itis
revealed that the nano-pillar arrays could be formed in a suitable
TMAOH concentration (1 M) and temperature (200 °C). According
to the Oswald ripening mechanism, the crystal growth during the
hydrothermal process is a dynamic equilibrium of dissolution and
precipitation, which is affected by solution concentration, tem-
perature, and other factors [19-21]. The same impacting effect was

:
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Fig. 4. TEM (a) and HRTEM (b) bright field images of TiO, nano-pillars prepared by
hydrothermal crystallizing in 1 M TMAOH, at 200 °C for 12 h (sample S200-12-1).
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determined in our research. The results clearly showed that the
variation in solution concentration and hydrothermal temperature
affects not only the morphology and size, but also the orientation
of the products.

The XRD patterns of the samples (Fig. 3) demonstrate that the
samples of S200-12-1 and S180-12-1 are constituted with anatase
crystals. There are no characteristic peaks of TiO, (including
brookite, anatase and rutile) in XRD pattern of S160-12-1,
indicating that no TiO, formed, as the FESEM images also showed.

Through comparing the XRD patterns of S200-12-1 and S180-12-1,
it is found that the higher temperature induced higher intensity of
the characteristic peaks of the anatase. In other words, the
crystallinity of the products can be improved by increasing the
hydrothermal temperature. Some reports have confirmed that TiO,
with a high crystallinity is good for enhancing the efficiency of the
DSSC [22,23]. Therefore, S200-12-1 with relatively higher crystal-
linity was chosen as anode of the DSSC. It is well known that the
crystal form of the hydrothermal product can be changed through

Fig. 5. FESEM images of the samples prepared by using 1 M TMAOH at 200 °C for different times: 1 h (S200-1-1), 2 h (5200-2-1),4 h (S200-4-1), 6 h (S200-6-1), 8 h (5200-8-1),

12 h (5200-12-1), 24 h (S200-24-1).
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Fig. 6. Schematic growth of TiO, nano-pillar crystal.

adjusting the hydrothermal parameters, such as hydrothermal
temperature, hydrothermal time, pH value and concentration of
the solution.

TEM and HRTEM bright field images of the specimens are
presented in Fig. 4. The nanorods are of a bipyramid rod-like shape
with a size of ~250 nm in width, ~700 nm in length, in accord with
the FESEM results. According to the calculations by Wu et al. [24-
26], the TiO, nanocrystal with the bipyramid rod-like shape is
more stable than the other shapes. The anatase (1 0 1) crystal faces
can be observed in HRTEM image (Fig. 4(b)), which is consistent
with the calculation by Oilver et al.[27]. The (1 0 1) crystal faces of
anatase with lower surface energy are expected to be more stable
than others.

While the concentration of TMAOH was kept at 1 M and the
temperature was held at 200 °C, the growth process of the nano-
pillar was observed to investigate its formation mechanism. The
FESEM images of the samples synthesized for the different
hydrothermal time are presented in Fig. 5. Before the hydrothermal
process, the surface of the Ti substrate is relatively smooth. After
1 h of hydrothermal treatment (Fig. 5 (1 h)), the Ti substrate is
chemically etched and the surface is rough. Few crystals are found
during this period. When the sample was treated for 2 h (Fig. 5
(2 h)), a few of tiny TiO, crystals with rod shape appear on the Ti
substrate. The formed TiO, nano-pillars grow larger and keep
irregular shape when the hydrothermal time is increased to 4 h
(Fig. 5 (4 h)). A large number of TiO, nano-pillars with a bigger size
can be obtained after 6 h hydrothermal treatment, compared with
the sample (4 h treatment), as shown in Fig. 5 (6 h). It is easily
found that the nano-pillars with a tetrahydral bipyramidal tip are
formed (as the circle marked). And the tetrahydral bipyramidal
nano-pillars arrays are gained after 8 h hydrothermal treatment
(seen in Fig. 5 (8h)). The size of the nano-pillar is almost
maintained even after increasing the hydrothermal time to 12 h
and 24 h (Fig. 5 (12 h) and Fig. 5 (24 h)).

TMAOH as a kind of organic alkali will react with Ti to form
tetramethylammonium titanate ([(CHs)4N]," [H4_,TiO4], n=1-4)
with a layered structure, and titanate layers interact with each
other through hydrogen bonds [28,29]. It is presumed that TMAOH
does not react completely with Ti (the final pH value >7), then, free
tetramethylammonium cation (TMA®) and OH™ are still in the
solution. The isoelectric point of TiO, is about 6.0-6.7, and TiO, is
of negative charge in alkaline conditions. Therefore, TMA" is
trapped or constrained by layered tetramethylammonium titanate.
Then, TMAOH is degraded into neutral trimethylamine (TMA)
molecule not TMA® with positive charge under the high hydro-
thermal temperature (200 °C). As a result of the hydrothermal
treatment, the layered structure of tetramethylammonium tita-
nate is destroyed. In addition, TMA can selectively adsorb on the
lattice planes parallel to (0 0 1) of anatase TiO, through hydrogen
bonding. Some reports have also confirmed that TMA units can be
bonded on the facets whose normal direction is [1 0 0] [28,30]. On

the other hand, amine groups also have a specific affinity to the
planes parallel to the c-axis of the tetragonal system, leading to an
ellipsoids-like shape of the particle [30]. Therefore, when the Ti
plate is autoclaved at 200 °C, the growth rate of the crystal planes
of anatase TiO- parallel to c-axis is limited [28]. The crystals grow
along c-axis with the hydrothermal time prolonging (as shown in
Fig. 5). Simultaneously, the TMAOH as a structure template can
make the single-phase anatase to be arranged regularly during the
hydrothermal process. The same conclusions have been reported
in the former works [28,31,32]. Fig. 6 well presents the crystal
growth process. The crystal growth process includes: the reaction
of TMAOH and Ti, the diffusion of the layered tetramethylammo-
nium titanate and the crystallization of tetramethylammonium
titanate. First, TMAOH reacts with Ti to form the layered
tetramethylammonium titanates, as Fig. 6 shows. Then, the
layered structure of tetramethylammonium titanates is destroyed
as a result of the hydrothermal treatment. The tetramethylam-
monium titanates with destroyed layered structure diffuse to the
solution, providing the Ti source for TiO, crystals. At last, the
ellipsoids-like TiO, crystals grow on the surface of Ti plate with the
aid of the selectively absorptions of TMA units and amine groups
under hydrothermal condition, as seen in Fig. 6. The continuous
repetition of these steps induces the final TiO, nano-pillar arrays.
Certainly, further study is needed to explore the detailed
mechanism of the configured structure and the effects of other
ions on the crystal growth.

Raman spectroscopy is a very useful tool to characterize various
crystalline phases of titania thin film [33-35]. Fig. 7 shows the
Raman spectrum of S200-12-1. It can be seen six Raman peaks at

Anatase nanorods

Raman intensity (a.u.)

" 1 i "
100 200 300 400 500 600 700 800 900

Raman shift (cm'1)

Fig. 7. Raman spectra of sample S200-12-1 (synthesized in 1 M TMAOH, at 200 °C
for 12 h).
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Fig. 8. Variation of photocurrent density vs applied electrode potential for S200-12-
0.5, S200-12-1, and S200-12-1.5 in 0.5M Na,SO, under Hg lamp (~8 mW)
irradiation.

135,188,392, 515, 638, 792 cm ™" in Fig. 7 were assigned to Eg, Eq,
Big, Aig (including Bqg), Eg and Byg, respectively. The peak at
515 cm ! should be superposition of two modes (A;g and Biy),
because the band at 515cm~! would be resolved into two
components at 507 cm ™! (A;¢) and 519 cm ™! (B;,) only below 73 K
[35]. In comparison with Ref. [36], the positions of the six Raman
active modes are a little deviated. This deviation may be caused by
some impurities. Therefore, just pure anatase TiO, peaks can be
observed in the Raman spectrum of S200-12-1.

Furthermore, the photoelectrochemical properties of the
samples were studied by means of linear sweep voltammetry.
Fig. 8 is the typical photocurrent density vs applied potential
curves of the specimens prepared in different concentration of
TMAOH at 200 °C for 12 h in 0.5 M Na,SO4 supporting electrolyte
under UV (~8 mW Hg lamp) illumination. Under UV illumination,
the photoelectrochemical response appeared for all three thin
films. The photocurrents density increased in the order of S200-12-
1 >S200-12-1.5 > S200-12-0.5. S200-12-1 composed of the uni-
form nano-pillar arrays exhibited the largest photocurrent density,
as a result of the few grain boundaries and direct electron
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Fig. 9. Photocurrent response curves of the S200-12-1 (a and d, at 1.5, 0.5V,
respectively), S200-12-1.5 (b and e, at 1.5, 0.5 V, respectively), S200-12-0.5 (c and f,
at 1.5, 0.5V, respectively) at different applied electrode potential in 0.5 M Na,SO4
under Hg lamp (~8 mW) pulsed-irradiation.
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Fig. 10. Photocurrent density (black), and power density (red) of 700 nm long TiO,
nano-pillar arrays based dye-sensitized solar cells under AM 1.5 illumination
(100 mW/cm?). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)

transferring pathway of the pure anatase TiO, nano-pillar
[20,21,37].

Photocurrent transient measurement method was also
adopted to examine the photoelectrochemical properties of these
three kinds of thin films (as Fig. 9 shown). The steady-state
photocurrent density of S200-12-1 was about 1.5 times as large as
that of S200-12-1.5 or S200-12-0.5 (photocurrent densities of the
S200-12-1, S200-12-1.5, S200-12-0.5 films in Fig. 9 are 0.816,
0.469, 0.442 wA/cm?, at the 1.5V applied bias potential,
respectively). It can be seen that the photocurrents of all
specimens keep at a constant value in the dark. When the UV
light is on, the photocurrents increase rapidly, and then gradually
rise to a steady state. When the UV light is off, the photocurrents
fall back to previous value (in the dark) in a few seconds.
Simultaneously, the photocurrent is in direct proportion to the
applied potential (photocurrent densities of the S200-12-1 are
0.375, 0.816 wA/cm?, at 0.5V and 1.5V applied bias potential,
respectively), showing the same changing trend of Fig. 8. The
relatively higher photocurrent response of S200-12-1 can be
explained in terms of high activity of the single crystal anatase
TiO, and direct electrical pathway for photogenerated electrons
and enhanced the electron transport rate induced by the uniform
orientation of the TiO, nano-pillar arrays.

The preliminary DSSC was assembled using typical TiO, nano-
pillar arrays film with 700 nm thickness as the photo-anode
according to the fabrication method described previously [6,7].
Fig. 10 shows the current-voltage characteristic of typical DSSC.
An overall conversion efficiency of 0.72% is achieved, with an open
circuit voltage (Vo) of 0.766 V and short circuit current density (Js¢)
of 2.16 mA cm 2. Efficient vectorial charge transport (as Figs. 8 and
9 show) ability of the single crystal anatase nano-pillar arrays
make us believe that significantly higher efficiencies can reason-
ably be expected through optimizing sizes of the TiO, arrays and
fabrication technology.

4. Conclusions

(1) Using a new chemical route based on hydrothermal method,
the oriented single crystalline titanium dioxide (TiO,) nano-
pillar arrays were successfully prepared on the surface of Ti
plate. Ti plate provides not only the substrate for TiO, arrays
but also the Ti source of TiO,. The TiO, nano-pillar was pure
anatase with a tetrahydral bipyramidal tip.

(2) Both TMAOH concentration and the hydrothermal temperature
determined the uniformity and orientation of TiO, nano-pillar
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arrays. The uniform orientated TiO, nano-pillar arrays could be
prepared in 1 M TMAOH, at 200 °C for more than 8 h.

(3) The uniformly orientated TiO, nano-pillar arrays thin film
presented superior photoelectrochemical properties in 0.5 M
Na,S0O4, which is ascribed to less grain boundaries and direct
electrical pathway for electron transferring. We are sure that
these uniform orientated TiO, nano-pillar arrays are a
promising candidate for DSSC, owing to the outstanding
photoelectrodchemical characteristics. Certainly, the sizes of
the TiO, nano-pillar arrays and fabrication technology should
be optimized to enhance the efficiency of the DSSC based on
this kind of TiO, nano-pillar arrays.
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