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Orientated anatase TiO, nanocrystal array thin films
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We developed a simple method to synthesize TiO, nanowire arrays
with nearly 100% exposed {001} facets. The coating exhibits good
transparency. The thin films of TiO, nanowire arrays display a
very good photocatalytic degradation of dye molecules and good
durability. Based on the above features, the TiO, nanowire array
coating is advantageous for self-cleaning coating.

Anatase TiO,, as one of the most promising wide band gap
semi-conductor materials, has become a topic of intensive
study due to its important photocatalytic property and related
applications in photo-catalysis, dye-sensitive solar cells, photo-
chromic devices and gas sensing.™® The photocatalytic property
of anatase TiO, crystals significantly relies on the access of
high-energy facets such as {001}. Thus, controlled synthesis of
anatase TiO, with both exposure of a high-energy facet and
high surface area is technologically very important. Since the
successful preparation of anatase TiO, crystals with a high
percentage of exposed {001} facets by Lu et al. in 2008, various
TiO, nanostructures with high reactive facet have been developed
using F~ compounds as a capping group.®'° The photo-catalytic
performance shows a significant improvement when the TiO,
nanostructures possess this well-defined crystal facet. Despite
these important efforts, previous work mainly focused on
powder specimens. For applications such as self-cleaning
windows, sensors, filters etc., nanostructured TiO, thin films
with orientated high reactive facets are preferentially desirable.
Due to the highly crystalline nature, direct synthesis of conti-
nuous, orientated TiO, thin films is a grand challenge. One of
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the alternative means is to grow thin films of nanocrystals or
nanowire arrays of TiO,. For example, TiO, nanowire arrays
were fabricated through AAO template'" electrochemical anodic
oxidation'* and hydrothermal™® methods. For AAO and electro-
chemical anode methods, extra thermal treatment is required to
create the anatase phase, but with less control of the {001}
orientation. Through the hydrothermal synthetic route, only a
rutile phase TiO, array was obtained in most cases. Recently,
TiO, films exposed with 100% {001} facets were synthesized via a
hydrothermal route with fluorine as a capping group.'*" The
final TiO, layer showed great photocatalytic activity. However,
the hydrothermal growth and nucleation process led to large
crystal particles and caused scattering problems, which limits its
applications in the field of self-cleaning coating.

Recently, our group developed a fluorine free hydrothermal
route to prepare mesoporous anatase TiO, microspheres, which
expose {001} facets on the surface. H,SO, was used as both a
phase-inducer for formation of the anatase phase and a capping
agent to promote oriented growth and formation of the {001}
facet. The resulting microspheres exhibited enhanced adsorption
and photocatalytic degradation of rhodamine B in comparison
with that of commercial Degussa P25 TiO,.'® Herein, we extended
this technology and successfully synthesized thin films of
orientated anatase TiO, nanowire arrays with nearly 100%
exposed {001} facets. The thin film array shows great trans-
parency and high photo-catalytic activity.

To synthesize orientated TiO, arrays, we grew a layer of anatase
TiO, seeds on FTO glass substrates followed by continuous growth
in 2 mol L™* H,S0, aqueous solution that contained tetrabutyl
titanate (TBT). After 6 hours, a layer of TiO, nanowire arrays was
grown on the substrate. The SEM plan view of a TiO, nanowire
array is shown in Fig. 1A. It clearly shows that the TiO, array is
about 1 micron thick and has a square-shaped nanomosaic
~100 nm in size (Fig. 1). The fringe spacing in high-resolution
TEM images and FFT image (Fig. 1C, inset) is 0.24 nm, which
indicates that the surface of anatase TiO, nanowire arrays is {001}
facet. The X-ray diffraction pattern (XRD) pattern (Fig. 1D) shows
a significantly enhanced (004) diffraction peak, which matched
with the crystalline anatase phase of TiO, (JCPDS no. 21-1272).
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Fig. 1 Electron microscopy and XRD characterization of anatase TiO, nanowire
array synthesized from 0.5 g TBT in 30 mL of 2.0 mol L™" H,50, at 180 °C for
6 hours. (A) Field emission (FE) SEM images (plan view) of anatase TiO, nanowire
array. (B) FE-SEM cross-sectional images of anatase TiO, nanowire array. (C) High-
resolution TEM micrographs of mesoporous anatase TiO, micro-spheres. Top
inset shows a piece of TiO, nanowire array. Bottom inset shows a fast Fourier
transform micro-graph of the image area in C. (D) XRD patterns of anatase TiO,
nanowire array on FTO glass.

To improve the transmission, PVP is added to the reaction to
lower the thickness of the TiO, layer. The SEM plan view of TiO,
nanowire arrays is shown in Fig. S1 (ESI}). It clearly shows that
the film surface is composed of a nanomosaic ~20 nm in size.
The thickness of the TiO, layer is ~440 nm when 1.0 g PVP was
added to the reaction. The cross-sectional SEM image indicates
that the TiO, layer consists of pearl-like long one-dimensional
nanowires, which are normal to the surface. In comparison
with the XRD pattern of FTO glass, the seed TiO, layer and TiO,
nanowire array coated FTO glass (Fig. S1C, ESIt), the dramatic
intensity enhancement of the (004) peak after growth on the
FTO glass clearly indicates that the TiO, nanowires are oriented
in the vertical direction and the film grows along the [001]
direction. High resolution TEM proves that the surface of TiO,
nanowire arrays is {001} facet.

Detailed studies indicated that the TiO, thin film nano-
structure including thickness, transparency, and size of nano-
mosaic strongly depends on reaction conditions. We discovered
that both the thickness of the film and the nanomosaic size on
the film surface decrease with the increase of the PVP amount
(Fig. S1 and S2, ESIt). The thickness of the TiO, nanowire array
decreases from 1 micron to 500 nm, while the size of the
nanomosaic changes to ~40 nm when 0.5 g PVP is added to
the reaction. This is probably due to PVP binding which
restrains further growth of TiO, crystals.'” This strategy has
been used previously to control crystal shape and size.'®'® We
also investigated the influence of reaction time on the TiO,
nanostructure (Fig. 2). The {001} facet is developed at the very
beginning stage (within 1 hour). Then nanomosaic becomes

This journal is © The Royal Society of Chemistry 2013

View Article Online

ChemComm

Fig. 2 FE-SEM images (plan view A-C and cross-sectional view D-F) of TiO,
nanowire array obtained from 0.5 mL TBT and 1.0 g PVP in 30 mL of 2 mol L™
H,S0O, solution at 180 °C for 1 h (A and D), 12 h (B and E), and 24 h (C and F).

more and more clear along the course of the reaction until the
appearance of a square shape at ~6 hours. After that, the size
of mosaic becomes bigger and more well-defined (Fig. 2A-C).
The sharpness of the nanomosaic during growth is likely due to
the acid etching during the reaction.'® The etching step produces
more pores from the surface toward the interior of the array. The
cross-sectional specimens were prepared to evaluate the film
thickness change with the reaction time (Fig. 2D-F). The result
in Fig. 2D-F shows that the thickness does not change too
much with the reaction time.

We evaluated the transparency with different film thicknesses.
Fig. 3A shows the transmission of a bare FTO glass, thin films of
TiO, nanowire arrays prepared in the absence and presence of
PVP. The bare FTO shows ~ 80% transmission. In the case of the
TiO, coating obtained in the absence of PVP, the transmission
decreased about 10% when the film thickness was ~1 micron.
When the film thickness decreases to ~440 nm (prepared in
the presence of PVP), the film shows the same transparency
as the bare FTO glass. We also studied the durability of the
nanowire films. All the films we prepared passed the type test
which indicates that the nanowire arrays have good adhesion
on FTO substrates.

The wettability of the surface is a key parameter for self-
cleaning coating. Fig. 3B shows the contact angle of the TiO,
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Fig. 3 (A) Transparency of a FTO substrate and thin films of TiO, nanowire array
prepared in the absence (TiO, NW-H,SOy, red) and presence (TiO, NW, blue) of
PVP. Insets are corresponding optical pictures. (B) Contact angle of TiO, nanowire
array obtained from 0.5 mL TBT and 1.0 g PVP in 2 mol L™" H,50, solution for
different reaction times. Insets are contact angle optical images from left to right,
6, 12, 24 and 48 hours; top image is a typical contact angle image of the sample
after UV treatment.
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Fig. 4 Comparison of photocatalytic degradation rates of rhodamine B on FTO
glass and TiO, nanowire array synthesized in 0.5 g TBT and 1.0 g PVP in 30 mL of
2 mol L™" H,S0, solution at 180 °C for 6, 12, and 24 hours. (B) Cycling
degradation curve of TiO, nanowire array on FTO glass.

film on the FTO substrate for different reaction times. It clearly
shows that the contact angle increases from 28° to 90° for 6 to
48 hours reaction time. The possible reason is that the longer
time the reaction proceeds, the more porous is the surface of
the film due to the acid-etching process."* The porous surface
may trap more air leading to higher contact angles. When the
TiO, nanowire film was treated with UV light, the contact angle
rapidly decreased to ~6° in all cases (Fig. 3B inset and Fig. S3,
ESIT), which means the surface of TiO, nanowire arrays turned
super hydrophilic.

We studied the photocatalytic property of resulting TiO, nano-
wire thin films. The photocatalytic activities of the TiO, nanowire
array coating obtained at different degradation times were
evaluated by monitoring the decomposition of Rhodamine B
(RhB) on the surface of FTO glass and TiO, nanowire array
under UV irradiation. RhB was deposited on the TiO, films
through spin-coating using a 0.5 mg mL~' RhB solution at
1000 rpm for 1 min. It showed a purple color at the initial point
as shown in Fig. 4B (inset). After UV irradiation for 90 min, the
glass turned fully transparent, which indicated that RhB was
decomposed under UV irradiation. The kinetics of RhB degra-
dation is presented in Fig. 4A. I is the absorption intensity of
RhB after UV irradiation for a certain period, and I, is the
absorption of RhB at the initial point. After irradiation for 90 min,
nearly 95% of RhB is degraded by the TiO, nanowire array coating
prepared for 6 hours, whereas other samples including FTO glass
and TiO, nanowire arrays synthesized for 24 and 12 hours exhibit
lower activities with degradation rates of about 36%, 64%, and
81%, respectively. The rate of photocatalytic degradation of
RhB shows a linear profile. The rate of photocatalytic degrada-
tion is 0.005 and 0.027 for FTO glass and TiO, nanowire arrays
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obtained from 6 hours, respectively. FTO showed some degree
of degradation because SnO, is a semiconductor. With TiO,
nanowire arrays, photocatalytic capability is significantly enhanced,
because the exposed surface is a high reactive {001} facet of TiO,
nanocrystals. Fig. 4B displays the durability of TiO, nanowire arrays
for photocatalytic degradation of RhB under UV irradiation.
After the recycled experiments, the photocatalytic activity remains
unchanged.

In summary, we developed a simple method to synthesize
TiO, nanowire arrays with nearly 100% exposed {001} facets.
The coating exhibits good transparency. The thin films of TiO,
nanowire arrays display a very good photocatalytic degradation
of dye molecules and good durability. Based on the above
advantages, this TiO, nanowire array coating is potentially used
for self-cleaning coating.
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