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ABSTRACT: We report a spontaneous phase transformation of
titania nanotubes induced by water at room temperature, which
enables the as-anodized amorphous nanotubes to be crystallized
into anatase mesoporous nanowires without any other post-
treatments. These mesoporous TiO, nanomaterials have a
markedly improved surface area, about 5.5 times than that of
the as-anodized TiO, nanotubes, resulting in a pronounced
enhanced photocatalytic activity. The present approach not

only allows a flexible control over the morphology of TiO, nanostructures but can fundamentally eliminate the need for high

temperature operations for crystallizing amorphous TiO,.
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Despite recent remarkable advances in the development of
various nonconventional photoactive inorganic semicon-
ductors," ~® titania (TiO,) to date still remains one of the most
popular materials for applications in photocatalysis and photo-
voltaics due to its relatively high efficiency, chemical inertness,
good photostability upon irradiation, low cost, and abundance.”**
In particular, arrays of one-dimensional (1D) TiO, nanostruc-
tures such as nanowires (NWs) and nanotubes (NTs) have
drawn ever-increasing attention because they not only possess
high surface areas but also offer the advantage of directed carrier
transport facilitating the collection of photogenerated charge
carriers and therefore are expected to be promising high-perfor-
mance photoanodes for use in both dye-sensitized solar cells
(DSCs) and solar fuel production.*~** So far, electrochemical
oxidation of titanium has been widely considered as a facile, in-
expensive, and scalable method for the fabrication of self-or-
ganized TiO, NT arrays that can exhibit greatly enhanced
performances."' ~*° However, nearly all TiO, NT arrays fabri-
cated by anodization are amorphous in nature, thus substantially
limiting their direct use in many cases, particularly in photo-
catalysis and DSCs where photoactive crystalline anatase TiO, is
highly desired. In order to obtain the desired crystalline phase,
postheat treatments such as thermal annealing""'*** or hydro-
thermal processing™ are generally needed. These post-treatment
approaches unexceptionally involve additional energy consump-
tion, which not only are costly but also increase the energy pay-
back time in cases where the TiO, NTs are used for an energy-
harvesting purpose. To overcome this problem, direct fabrication
of crystalline TiO, NT arrays by anodizing titanium in an
electrolyte at moderate temperatures (80—180 °C) or in a polyol
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electrolyte has recently been attempted,”®*” but only limited
success was achieved.

On the other hand, it is well-known that improving surface
area of TiO, nanostructures can also effectively enhance their
photocatalytic and photoelectric properties. To this end, several
approaches such as creation of mesoporous and/or secondary
structures on 1D TiO, nanomaterials have been developed.*® '
However, in most cases, the introduced mesoporous/secondary
structures are amorphous and their high surface areas will be
compromised in pursuit of a higher degree of crystallinity through
high-temperature annealing. Therefore, it is highly desirable to
find a low-temperature route to fabricate crystalline anatase TiO,
nanostructures with a high surface area.

Here we show a simple and effective method to obtain anatase
mesoporous TiO, NW arrays by just soaking the as-anodized
amorphous TiO, NTs in water at room temperature. This room-
temperature amorphous-anatase phase transformation does not
require any extra energy input, additional chemical treatment,
and/or the assistance of any other equipment and, therefore, re-
presents a facile and cost-effective route toward crystallization of
amorphous TiO, materials, which may be of great industrial
interest. Moreover, the induced mesopores during the transfor-
mation process render the resulting crystalline TiO, products a
greatly improved surface area, which is beneficial for their use in
photocatalysis and DSCs. Additionally, the room-temperature
phase transformation process also enables the active crystalline
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Figure 1. Appearance change and phase transformation of the anodized TiO, nanotube films before and after the water-soaking treatment. (a, b) Digital
photographs showing the appearance change of a TiO, NT/Ti film and a free-standing TiO, NT membrane before and after the treatment. Scale bars:
1 cm. (¢, d) XRD patterns demonstrating the phase transformation before (black line) and after (red line) the water soaking for (c) a TiO, NT/Ti film
and (d) a free-standing TiO, NT membrane. The samples were soaked in deionized water at room temperature (~23 °C).

TiO, nanostructures to be more readily integrated with polymeric
substrates or into some temperature-sensitive photoelectric devices.

Experimentally, the phase transformation can take place either
in a TiO, NT film adhered to the Ti foil (TiO, NT/Ti) or in a
free-standing TiO, NT membrane. The self-organized TiO,
NTs were fabricated by anodizing Ti foils in a ethylene glycol
electrolyte containing 0.5 wt % NH,F and 2 wt % H,O in a
temperature range of 15—20 °C (see Supporting Information for
more details). The free-standing, through-hole TiO, NT mem-
branes can be obtained by an in situ separation method we
developed recently.”” After anodization, the samples were briefly
rinsed with distilled water and then soaked into deionized water
(=18 MQ) at room temperature (~23 °C). Panels a and b of
Figure 1 show the typical appearance change of a TiO, NT/Ti
foil and a free-standing TiO, NT membrane before and after
soaking in water for a certain time. It is seen that the as-anodized
TiO, NT films are dark yellow, in line with many previous
reports.'”'* After the water-soaking treatment, the films deco-
lorized and the visible appearance turned to white, a character-
istic of crystalline TiO,. X-ray diffractometry (XRD) studies
disclose that the water soaking has successfully transformed the
as-anodized amorphous TiO, NTs into a pure anatase phase
(Figure 1c,d). The average crystallite size was estimated to be
6—7 nm according to the Scherrer equation.

The microscopic morphology of the TiO, nanostructures was
examined by scanning electron microscopy (SEM). It was found
that before evolving into anatase mesoporous TiO, NWs, the
amorphous TiO, NTs underwent a novel morphological trans-
formation as the water-soaking time increased, resulting in two
distinct intermediate structures. Figure 2a,b exhibit representative

top-view and side-view SEM micrographs of the as-anodized
TiO, NT arrazs. Consistent with previous reports on top-porous
TiO, NTs,>**® a porous layer with a thickness of hundreds of
nanometers is observed on the top of the NT arrays, the morphol-
ogy of which is analogous to that of porous anodic alumina.>*
After the top porous layer was scratched off, a close-packed array
of discrete NTs was revealed (Figure 2a, inset).

From Figure 2b, it is seen that the as-anodized TiO, NT's have
a smooth tube wall. After the sample was soaked in water over 15
h, many small particles with a particle size of ~10 nm appeared
on the top surface, as evident in Figure 2c. When the top porous
layer was removed, it was observed that the original single-walled
NTs had transformed into double-walled NTs. A cross-sectional
SEM image taken from the lower part of the array also confirms
the formation of double-walled NTs (Figure 2d). When the
water-soaking time was increased to more than 25 h, more particles
emerged on the top surface and the nanopores were nearly
blocked (Figure 2e). Meanwhile, some bigger needle-like parti-
cles were also observed. Moreover, it was found that the under-
lying architectures had evolved from the doubled-walled NTs
into a wire-in-tube architecture (Figure 2e, inset). Figure 2f shows a
typical cross-sectional SEM micrograph of the array subjected to
water soaking of 25 h, illustrating that the inner wires have a fairly
rough surface and in some places the neighboring outer shells
(i.e., tubes) coalesced. If one further prolongs the water-soaking
time to over 3 days, “urchin-like” TiO, nanostructures will evolve
on the top surface of the anodized film, and the original nano-
porous morphology is not visible any more, as seen in Figure 2g
(see Figure S1 in the Supporting Information for more details
about the “urchins”). Correspondingly, it is found that all the
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Figure 2. SEM characterization of the morphological evolution as a function of water-soaking time: (a, b) as-anodized TiO, nanotube arrays; (c, d)
intermediate double-walled TiO, nanotube arrays obtained by water soaking for 15—25 h; (e, f) intermediate wire-in-tube TiO, nanoarchitectures
formed by water soaking for 25—72 h; (g, h) mesoporous TiO, nanowire arrays obtained by a long-term water soaking (>72 h). Scale bars: S00 nm. The
insets of panels g, ¢, e, and g denote the morphologies of the nanostructure arrays after scratching the top porous layer off. Scale bars: 200 nm.

Figure 3. TEM characterization of TiO, nanostructures: (a) TEM micrograph of the as-anodized amorphous TiO, nanotubes, showing the two-layer
structure of tube walls; (b) HRTEM image of the amorphous TiO, nanotubes; representative TEM micrographs of (c) the double-walled TiO,
nanotubes, (d) wire-in-tube nanoarchitectures, and (e, f) mesoporous anatase nanowires; (g) HAADF STEM image of a single porous nanowire, clearly
showing the mesoporous nature; (h) high-resolution STEM micrograph of the mesoporous nanowires taken from the rectangular area in (g), illustrating
the well-defined crystalline nature. Insets of panels a, ¢, d, and f show corresponding electron diffraction patterns.

TiO, NTs have exclusively transformed into solid NWs covered
with a large density of tiny needles (Figure 2g inset and Figure 2h).

To gain further insight into the microstructures of the resulting
TiO, nanostructures, transmission electron microscopy (TEM)
investigations were carried out. Figure 3a shows a representative
TEM image of the as-anodized TiO, NTs, in which the hollow

tubular-like structure with a smooth tube wall can be clearly seen.
Note that the tube wall consists of two layers, in accordance with
previous observations.>*® As will be discussed in the following
section, the formation of double-walled NT's upon water soaking
can be partly ascribed to the existence of this two-layer structure.
We performed extensive electron diffraction (ED) analyses on
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either a single NT or NT bundles and only detected diffuse ED
patterns (Figure 3a, inset), which confirmed that the as-anodized
NTSs are amorphous. The amorphous nature was further verified
by the high-resolution TEM (HRTEM) examination, which showed a
homogeneous mazelike pattern without any detectable lattice
fringes, an indication of amorphous materials (Figure 3b). Panels
c and d of Figure 3 reveal the typical TEM micrographs of TiO,
nanostructures obtained by water soaking for 18 and 36 h, re-
spectively, unambiguously illustrating a double-walled tubular
structure and a wire-in-tube architecture. Compared to the com-
pletely diftusive ED pattern shown in Figure 3a, one strong dif-
fraction ring together with a few weak rings appear in the ED
patterns taken from the double-walled NTs and wire-in-tube
structures, implying that a spatial atomistic ordering is forming
upon water soaking. However, the calculated lattice spacing ac-
cording to the strongest diffraction was found to be d = 3.81 4,
which is a bit larger than d(,o1) of anatase TiO, (JCPDF 89-
4921). This may suggest that the originally randomly distributed
TiOs"~ octahedra have rearranged themselves and are approach-
ing to each other to share their edges (see the following section
for detailed discussion). Figure 3e—h show the detailed micro-
structural characterization of the TiO, nanostructures obtained
by a long-term water soaking. It is seen that the hollow tubular
morphology is not visible any more. Instead, solid NWs with
numerous tiny needles on their surfaces were observed. The ED
pattern taken from these NWs exhibits a set of well-defined rings,
which can be indexed as anatase TiO, (Figure 3e, inset) and is
consistent with the above XRD results (Figure 1). Upon closer
examination of the NWs, it was found that the NWs contain a
great number of mesopores with a mean pore size of ~3.2 nm
(Figure 3f). Figure 3g reveals a typical high angle annular dark
field (HAADF) scanning transmission electron microscopy (STEM)
micrograph of a single TiO, NW, in which the mesoporous
nature can be seen more clearly. The high-resolution STEM
study demonstrated that the mesoporous NWs are well-crystal-
lized, as shown in Figure 3h, from which the lattice fringes of
anatase {103} and {112} crystal planes can be distinguished.
Nevertheless, a certain amount of amorphous TiO, can still be
found in the NWs, suggesting the amorphous anatase transfor-
mation was incomplete (Figure S2, Supporting Information).

To examine the universality of the room temperature water-
driven amorphous-anatase phase transformation, we prepared
amorphous TiO, powders by the hydrolysis of Til OCH(CHs),]4
and performed similar water-soaking treatments (Supporting
Information). It was found that the amorphous TiO, powders
started crystallizing after soaking in water at room temperature
for 2 days, and the size of crystallites was gradually increased with
the increasing soaking time up to 9 days, amounting to ~7.5 nm
(Figure S3, Supporting Information). However, the crystallized
powders were not phase-pure anatase but contained a fraction of
brookite. The formation of brookite phase can be suppressed by
adding little NH,4F into water, in which case only pure anatase
was obtained (Figure S4, Supporting Information).

It is well-known that TiO4*~ octahedra are basic building
blocks of all polymorphs of TiO, (i.e., amorphous, anatase, rutile,
and brookite). The structural rearrangement of the TiOg>~
octahedral units in the amorphous TiO, induced by their surface
environment is believed to play an essential role in the crystal-
lization of amorphous TiO, to anatase.”” *° Since water is the
only substance involved in this amorphous-anatase phase trans-
formation, we believe that the phase transformation process is
spontaneous in water. First, water molecules form bridges between

surface hydroxyl groups of two different octahedra that share one
common vertex, using the two lone pairs of electrons on the
oxygen (Figure 4a, step 1). Subsequent dehydration will lead to
the linkage of two octahedra by sharing their edges, as schema-
tically illustrated in Figure 4a (step 2). The addition of the third
octahedron driven by water will proceed in such a fashion that the
three octahedra are linked by sharing edges in a right angle
(Figure 4a, step 3), thus forming a basic unit of anatase. It is
believed that a linear chain of aligned octahedra (the basic units
of rutile) is unlikely formed under the present experimental
condition, because it has been demonstrated both theoretically
and experimentally that in a neutral or weak acid solution the
Gibbs free energy of rutile clusters is higher than that of anatase
ones® and therefore anatase nuclei should be more thermo-
dynamically stable. The formed right-angle octahedron assembly
will then connect with another identical assembly by sharing
edges, thus forming a unit cell of anatase (Figure 4a, step 4). It is
assumed that the crystallization of amorphous TiO, will proceed
via a dissolution—precipitation process, in which randomly
distributed TiOg>~ octahedra are dissolved and rearrange them-
selves driven by water, and then precipitate as the anatase phase
starts nucleating. Accompanying the dissolution—precipitation,
numerous mesopores are also formed.

It is believed that the distinctive morphology transformation
should be closely related to the phase transformation process and
is determined by the unique geometrical configuration of the
TiO, NT arrays as well as the two-layer structure of the tube walls
(Figure 3a). On the one hand, as shown in Figure 4b, the
relatively large space inside the NTs (varying from 60 to 100 nm)
allows sufficient water molecules to access the inner surface of the
tubes to drive nucleation and growth of the anatase phase (i.e,,
the dissolution—precipitation process). By contrast, the narrow
space between the adjacent TiO, NTs (a few nanometers) in
conjunction with the porous layer on the top surface (Figure.1)
greatly limits the diffusion and transport of water so that the
dissolution—precipitation of the outer surface of the NT's occurs
very slowly. Hence, the dissolution—precipitation of TiO, in the
inner shell of tube walls is more kinetically favorable and will
progressively proceed inward (Figure 4b, stage 1). On the other
hand, it is assumed that the inner shell is intrinsically more prone
to be dissolved as it is less compact than the outer shell.*>*° In
this case, the dissolution—precipitation rate will drastically decrease
once the dissolution—precipitation process is complete in the
inner shell. This would lead to a separation of the inner shell from
the outer shell, forming the double-walled NTs (Figure 4b, stage 2).
Afterward, water will move into the space between the inner
tube and outer tube and further accelerate the dissolution—pre-
cipitation in both of them. Because the outer tube is relatively
more compact and less prone to be dissolved upon water attack, a
wire-in-tube architecture is gradually formed (Figure 4b, stage 3).
However, if the water-soaking time is further prolonged, the
outer tubes will finally disappear upon dissolution—precipitation
and nanowires can be exclusively obtained (Figure 4b, stage 4).
As mentioned above, the constant dissolution—precipitation during
the phase and morphology transformations will give rise to the
formation of a great number of mesoscopic pores, yielding a
marked increase in surface area. Time-dependent phase and mor-
phology investigations revealed that the as-obtained mesoporous
anatase NWs are kinetically stable under the present experi-
mental conditions (i.e., water, room temperature), whose phase,
crystallinity and mesoporous morphology show no discernible
change with the prolonged soaking time up to 1 month. This
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could be explained by the fact that anatase is a thermodynami-
cally stable phase, and the TiOs>~ octahedra in anatase are not
liable to be dissolved in water at room temperature.

It is noted that although considerable efforts have been de-
dicated to improving the surface area of TiO, NT arrays by adjusting
the tube diameter, wall thickness, etc., the maximum surface area
of anodized TiO, NT's achieved so far for crystalline NTs is only
about 35—40 m” g~ ,*" according to N, adsorption/desorption
measurements (Figure Sa). In contrast, the mesoporous NWs
obtained by long-term water-soaking treatment of amorphous
TiO, NTs exhibit a surface area as high as 203.3 m’ g ! which is
about S.5 times larger than that of the thermally annealed
(anatase) TiO, NTs. Their pore size distribution analyzed by
the Barrett—Joyner—Halenda (BJH) method is 3.73 nm, close to
the TEM observations.

The photocatalytic performance of the mesoporous anatase
NWs toward hydrogen generation from water was evaluated and
compared with that of as-anodized amorphous TiO, NTs and
thermally annealed TiO, NTs (500 °C in air, 3 h), as shown in
Figure Sb. In our experiment, 10 vol % methanol was added as the
sacrificial agent into the water, and 1 wt % of Pt was in situ
photodeposited onto/into TiO, samples as cocatalyst (see Sup-
porting Information for more details). The typical morphology
of the Pt nanoparticle loaded mesoporous anatase NWs is shown
in Figure SS (Supporting Information), which reveals that most
mesopores are still accessible without blocking by Pt nanoparti-
cles. According to Figure Sb, the amorphous TiO, NTs only
exhibit a negligible catalytic activity for hydrogen generation.
The thermally annealed TiO, NTs reveal a better performance, having
ahydrogen evolution rate of 248.3 umol g~ ' h™ . By contrast, the

mesoporous anatase TiO, NWs obtained by a simple water-
soaking treatment show a hydrogen evolution rate as high as
480 umol g~ ' h™", about 1.9 times higher than that of well-
crystallized TiO, NTs obtained by thermal annealing. However,
the 1.9 times enhancement in photocatalytic activity for the meso-
porous anatase NWs cannot be fully accounted for by the im-
proved surface area, because the surface area of the mesoporous
NWs is 5.5 times higher than that of the thermally annealed TiO,
NTs, as mentioned above. The mismatch can be explained by the
fact that the mesoporous anatase NWs have a lower degree of
crystallinity (i.e, small crystallite size) and a higher density of
defects which will compromise the possible photocatalytic activity
enhancement arising from the surface area improvement. Never-
theless, it is expected that the photocatalytic performance of the
mesoporous anatase NWs could be further improved upon
optimization of the water-soaking process.

It is also worth mentioning that for a longer term photocatalytic
reaction (up to 60 h), we observed that the photocatalytic per-
formance of the as-anodized amorphous TiO, NTs increases
with reaction time, as shown in Figure S6 (Supporting Infor-
mation). This may be related to the fact that the amorphous TiO,
NTs had in situ transformed into mesoporous anatase NWs
during the photocatalytic reaction, which was confirmed by XRD
examination of the sample after reaction (Figure S7, Supporting
Information). A systematic study on how the morphology, micro-
structure, and photocatalytic activity of both amorphous TiO,
NT's and water-soaked samples evolve during the photocatalytic
reaction is under investigation.

In summary, we have demonstrated that the amorphous-
anatase phase transformation of titania can be realized at room
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Figure S. (a) N, absorption/desorption isotherms of the thermally
annealed anatase TiO, NTs and anatase mesoporous TiO, NWs. Inset:
pore size distribution profile of the mesoporous TiO, NWs. (b) Photo-
catalytic hydrogen-generation performance of the obtained mesoporous
anatase TiO, NWs, as-anodized amorphous TiO, NTs, and thermally
annealed anatase TiO, NTs. The thermal annealing was carried out in air
at 500 °C for 3 h.

temperature only with the assistance of water. This approach
offers a facile, scalable, cost-effective, and energy-saving solution
for obtaining photoactive anatase from amorphous TiO,, which
would be of particular industrial interest. Moreover, for the
anodized titania nanotubes, this novel phase transformation can
also simultaneously induce a morphology transformation, yield-
ing mesoporous nanowires having markedly enlarged surface areas.
These anatase mesoporous nanowires exhibit a pronouncedly
enhanced photocatalytic activity toward hydrogen evolution,
about 1.9 times higher than that of the well-crystallized TiO,
NTs obtained by thermal annealing. We believe that the sponta-
neous phase and morphology transformations reported here will
open up a new pathway for the morphology and crystallinity
control of TiO, nanostructures and will have considerable potential
for the development of high-performance, low-cost dye-sensi-
tized solar cells, photocatalysts, and lithium-ion batteries. In
addition, our study also suggests that the long-term stability in
the presence of aqueous solution has to be carefully considered

when the amorphous titania nanotubes are used in some special
cases like drug delivery and nanoelectronic devices.
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