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A novel solution approach is reported to fabricate TiO, nanotube
arrays on transparent conductive substrates via in-site conversion
from nanowires. The as-prepared nanotube arrays not only
demonstrate larged surface area in comparison with the primary
NWs, but also longer charge carrier lifetime than that of randomly
packed nanoparticle films.

In the past two decades nanostructured TiO, has been the
most widely used electrode material in artificial
photosynthesis, solar cells, water splitting and electrical energy
storage devices.*® Recently, vertically alighed one dimensional
(1D) TiO, nanowire (NW) arrays that offer directed charge
transport path to the electrode substrate has received
substantial attentions.*** Various approaches, such as
hydrothermal and solvothermal methods have been reported
for the synthesis of TiO, NW arrays on transparent conducting
substrate.®*® Moreover, their unique optical and electrical
properties have also been demonstrated. For example, Feng et.
al. have demonstrated that the electron transport property of
single-crystal rutile TiO, NW arrays is two orders of magnitude
higher than that in the randomly packed nanoparticle (NP)
films.*? Nevertheless, the relatively low surface area caused
from the free space between NWs is one of the key issues that
limit its broad utility. In order to address this problem,
common approaches is to increase the length of NWs,
assemble 1D NWs into 3D branched structure, or prepare NWs
with mesoporous structure.**™*°

The fabrication of 1D nanotube (NT) array structure is a
good approach to enlarge the surface area. Electrochemical
anodic oxidation and template-assisted methods are the most
commonly used approaches for NT arrays synthesis.2°'23 These
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approaches commonly require a high temperature treatment
to crystalize the as-anodized amorphous NTs and can only
produce NTs in polycrystalline nature. Recently, an in-situ
conversion strategy was reported.“’zsln this process, TiO, NTs
were fabricated via etching TiO, NWs in a strong acidic HCI
solution under hydrothermal condition. Herein we
demonstrate a simple room-temperature solution approach to
fabricate highly crystallized TiO, NT arrays from NWs at room-
temperature via an anisotropic etching strategy. The obtained
TiO, NT arrays display regular rectangular cross-section and
have much enlarged surface area. Moreover, we demonstrate
that the NT arrays have much longer charge carrier lifetime
than that of NP films. Our method is simple and the as-
prepared NT arrays have the potential to boost the
performance of 1D nanostructured electrodes in photovoltaic
and photoelectorchemical devices.

Fig. 1 (a) and (b) are, respectively, SEM top and side views of
the as-synthesized TiO, NW arrays on FTO substrate; (c) top
view and (d) cross-section view of the TiO, NT arrays prepared
via in-situ conversion from NW arrays shown in (a) and (b).
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Rutile TiO, NW arrays grown on the F-doped tin oxide (FTO)
coated glass substrate were firstly prepared via a conversional
hydrothermal method.? As can be seen from Fig. 1a and b, the
aligned NWs have smooth sidewall but rough top surface. The
diameter and length of NWs is about 150-200 nm and 3 um,
respectively. In-situ conversion of NWs into NTs was carried
out by simply immersing the as-prepared TiO, NW arrays in an

aqueous solution of NH,OH/H,0, at room-temperature
(experimental details are included in the Electronic
Supplementary Information EISt). Fig. 1c and d are,

respectively, top and side SEM views of the nanostructured
film after 90 min treatment, showing that uniform arrays of
NTs was prepared. The diameter of the NTs is about 150-200
nm. Compared to the NWs, the diameter, the rectangular
shape and the uniform alignment were maintained.
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Fig. 2 TEM (a) and high resolution TEM (b) images of the as-
prepared rutile TiO, NT; (c) XRD patterns of the 1D TiO,
nanoarray structure before (black line) and after conversion
(red line).

The as-prepared NT is further characterized by using
transmission electron microscopy (TEM). As shown in Fig. 2a,
the wall thickness of NT is within a range of 40-50 nm. The
well-crystallized TiO, NT has a side surface of {110} crystal
facet and a preferred [001] orientation according to high-
resolution TEM analysis (Fig. 2b). Fig. 2c compares the X-ray
diffraction (XRD) patterns of 1D TiO, NW and NT arrays. All of
these peaks can be indexed to tetragonal rutile TiO, (JCPDS file
no. 73-1232), indicating that the crystal phase was preserved
after the conversion. It is worth to note that the intensity of
the representative (002) peak of 1D TiO, nanoarrays become
much weaker after the conversion, which confirms that the
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core of the NWs have been greatly diminished. The surface
area of the as-prepared TiO, NT arrays were measured by
using dye desorption experiment. According to UV-Vis spectra
of dye solutions that shown in Fig. S1 (ESIt), the values of 6.4
and 12.4 nmol/cm? dye molecule coverage on NW and NT
arrays were calculated, respectively, which confirms that the
surface area were greatly enlarged after the formation of
nanotube arrays.

The formation mechanism of TiO, NTs was further studied
and found to be closely related to the growth behavior of NWs.
Fig. 3a and b show the schematics and the corresponding SEM
images of NWs obtained after 1 h and 4 h growth. It can be
clearly seen that the NWs have a very small diameter at the
initial growth stage (Fig. 3a), and then they grow (aggregate)
into one wire via possible oriented attachment mechanism.
The diameters of NWs keep increasing with growth time and
reach to about 150-200 nm after 4 h (Fig. 3b). On the basis of
this growth behavior, numerous defects that caused from
crystal lattice mismatch or dislocation during the aggregation
of thin NWs will unavoidably exist inside the bulk of NWs,
while by contrast, the side walls of NWs has a much higher
degree of crystallinity.

a .

growth

Fig. 3 Schematic illustrations of the morphology evolution of
NW. (a) and (al) are NWs obtained after 1 hour growth, (b)
and (b1) are NWs obtained after 4 hours growth; (c) and (c1)
are NTs that converted from NW after 90 min treatment.

The subsequent formation of NTs can be ascribed to the
selective etching of NWs resulting from the difference in
surface energy between side (110) and top (001) top facets as
well as these lattice defects inside TiO, NWs. In our study,
H,0, /NH,OH mixture is used as the etching solution. Generally,
H,0, can dissolve rutile TiO, and form a Ti*- H,0, complex at
room temperature via a possible reaction:?”?® Ti** + H,O, +
2H,0 - TiO, H,0, + 4H*.The presence of NH,OH inside the
solution will promote the forward chemical reaction by
neutralizing the H'. As we know, the surface energy of rutile
TiO, NWs follows the sequence of (110) < (100) < (001),29 as a
result, the etching rate of the top (001) high energy crystal
facet should be much higher than the (110) side surfaces when
TiO, NWs is treated in H,0,/NH,OH aqueous solution. This
result is coincident with XRD analysis, (Fig. 2c) i.e. the intensity
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of (002) peak of NWs become much weaker after the
formation of NTs. At the same time, the presence of defects
inside the bulk of NWs will promote such etching process
along the [001] direction because chemical etching commonly
takes place preferentially at the defect sites. Thus the solid
NWs were converted into regular hollow NTs after treatment
(Fig. 3c).
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Fig. 4 TPV spectra of the TiO, NT arrays and single exponential
fitting curve; inset: the diagram of TPV measurement device.

Charge carriers recombination of electrode materials is a
major determination of photoelectorchemical devices
performance. To understand the charge carrier recombination
in TiO, NTs, they were analyzed by using transient
photovoltage (TPV) spectroscopy. The diagram of TPV
measurement is shown in the inset of Fig. 4. The obtained NTs
grown on FTO substrate and a bare FTO glass are used as
working electrode and counter electrode, respectively. A layer
of mica spacer is used to prevent the photo-generated charge-
carries in the TiO, from directly injecting into the counter
electrode. When the sample is illuminated by a pulsed laser,
electron and hole pairs will be generated and transport along
the nanotubes. Since TiO, is an n-type semiconductor with
much faster electron diffusion rate than that of holes, the
electrons and holes can thus be separated, and the
photovoltage is detected. After the charge carrier separation,
the electrons and holes undergo a recombination process,
which can be recorded and reflected from the TPV decay
curve.’33 |n principle, the photovoltage decay follows the law
of single exponential process. The number of recombined
electrons (N) can be expressed as:

N = Noe™

Where N, is the number of total photogenerated electrons.
A is the Einstein decay coefficient. When N = Ny/e, the t is
defined as recombination lifetime (t;). Fig. 4 is the
experimental TPV spectrum of the obtained NTs and the best
fitting curve. The t, is calculated to be about 0.1 ms. In
comparison, a 1. of 0.06 ms was obtained from randomly
packed rutile TiO, NP films with the controlled measurement
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(Fig. S2, ESIT). The longer lifetime of photogenerated charge
carrier in TiO, NTs can be attributed its 1D directed charge
transport path, which facilitates the effective photogenerated
charge carrier separation.

In summary, we have reported a simple room-temperature
approach for the fabrication of highly crystallized TiO, NT
arrays on transparent conductive substrates via in-situ
conversion of 1D NW arrays. Our experimental results show
that the difference in surface energy of crystal facets and the
numerous defects inside NWs are crucial for this morphology
conversion. The as-prepared NTs show regular rectangular
cross-sections with wall thickness of about 40-50 nm and much
enlarged surface area. Moreover, its photogenerated charge
carriers lifetime is found to be much longer than that of
nanoparticle films, which can be attributed to the directed
charge transport path. This conversion strategy is simple and is
expected to be applied to the formation of other metal oxide
nanotubes. The achieved NT arrays will be of broad academic
and industrial interest, for example for the application in solar
cells, water splitting and energy storage devices.
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