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ABSTRACT Surface decoration strategy for one-dimensional nanostructures will improve their electrical, optical, mechanical, and
electrochemical performances dramatically. Heterogeneous growth/deposition on surfaces, however, may create undesired junction
interfaces in the system. Here we report a procedure during which amorphous titania nanotubes are readily self-branched with
crystalline titanate nanorods at room temperature. The starting amorphous titania nanotubes were prepared by low-temperature
atomic layer deposition combined with the template-directed approach. We routinely observed the self-branching phenomenon of
crystalline titanate nanorods with a few nanometers in diameter onto the surfaces of the amorphous titania nanotubes in mild alkali
solutions. The resulting structures were analyzed by field-emission scanning electron microscopy, high-resolution transmission electron
microscopy, and electron energy loss spectroscopy. The reactivity of the hierarchical titania nanotube arrays was observed to be
improved as a Li secondary battery electrode. Upon complete consumption of the amorphous body of titania nanotubes, in addition,
titanate nanosheets/layers consisting of single TiO2 layers with unit-cell thickness were obtained, elucidating the formation mechanism
of layered titanate materials by alkali treatment.
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INTRODUCTION

One-dimensional (1D) semiconducting nanostruc-
tures are at the heart of current research on na-
nometer scale science and technology. Recent

reports highlight their use as efficient charge collectors with
direct pathway in applications for renewable energy sources
(1-3), energy scavenging (4, 5), and energy storage as
batteries (6, 7). Although the distinct charge collection
capabilities for individual 1D semiconducting nanostructures
have been successfully demonstrated, the devices that can
utilize the sum of 1D nanomaterials are still far from
satisfactory. In many cases, this unsatisfactory situation is
primarily due to the relatively lower roughness factors
(dimensionless, defined as the total surface area per unit
area of the devices) when compared to nanoporous coun-
terparts (3). For example, photoanode arrays consisting of
anodized titania nanotubes for application in dye-sensitized
solar cells exhibited a superior electron diffusion length of
∼100 µm in each nanotube (8), but their energy conversion
efficiency (∼7%, ref 9) did not exceed that of conventional

nanoparticulate cells (∼12%, ref 10). Consequently, to
maintain the efficient 1D scaffold, increasing their specific
surface area, so as to the roughness factor is the key. One
possible approach would be introducing arms/branches on
the surfaces of 1D nanostructured materials. However,
heterogeneous growth/deposition onto the 1D nanostruc-
tures may create additional junction interfaces with electrical
energy barriers (11, 12).

In 1998, Kasuga et al. reported for the first time that
carbon nanotube-like TiO2 nanotubes of ∼8 nm in diameter
can be reproducibly obtained by a strong alkali treatment
of crystalline anatase TiO2 powders (typically in a 10 M
NaOH solution at 110 °C for ∼20 h) (13). A number of
studies followed to elucidate the formation mechanism of
the extraordinary oxide nanotubes. By using high-resolution
TEM, Zhou and Peng found that the Ti-containing oxide
nanotubes are trititanate layered nanotubes (i.e., H2Ti3O7)
(14). Wang et al. proposed a formation process in which
single atomic layer sheets of TiO2 parallel with the (010)
lattice planes are rolled up into nanotubular structures (15).
Various experiments on structural control of the titania
nanostructures, such as nanowires, nanosheets, and nano-
rods, under strong hydrothermal conditions, were reported
and summarized in recent reviews (7). In spite of contradic-
tory evidence in several experimental observations in terms
of hydrogenation for lepidocrocite-TiO2 (16), recent calcula-
tion results indicate that the ABA-stacked “step 3” H2Ti3O7

compound is stable when the layered titanate is stacked to
form (17, 18). However, the layered titanate structures
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studied so far were mostly produced from crystalline TiO2

via homogeneous nucleation and growth in solutions. The
exact origin from which the free-standing atomic layer
sheets/patches being used as the building blocks of the
nanotubes/layers is not clear at the current stage.

Herein we report an interesting phenomenon by which
amorphous titania nanotubes, a model 1D semiconductor,
are self-branched with crystalline titanate nanorods under
mild alkali conditions, resulting in the enhancement of
roughness factors of the system. The physical dimension and
structures were characterized by field-emission scanning
electron microscopy (FESEM), high-resolution transmission
electron microscopy (HR-TEM), and electron energy loss
spectroscopy (EELS). The geometry and growth selectivity
were readily controlled, and the enhanced reactivity of the
arrays of titania nanotubes of the hierarchical structures was
also demonstrated as a Li secondary battery electrode. By
demonstrating layered titanate structures obtained upon full
consumption of the amorphous titania nanotubes, more-
over, our results allow one to clearly elucidate the formation
mechanism of layered titanate materials. The surface modi-
fication strategy reported here should open a new avenue
for the utility of 1D functional nanomaterials with improved
performance.

EXPERIMENTAL METHODS
Titania Nanotube Fabrication. Porous alumina membranes

having the desired pore diameter were first prepared with the
well-known two-step anodization method, or were commer-
cially available (Anodisk, Whatman, U.K.). Amorphous titania
layers were then deposited onto the alumina template by ALD
at 120 °C. Titanium(IV) iso-propoxide (UP Chemical, Korea) and
water vapor, respectively, were used as metal reactant and
oxygen source. Ar was used as the carrier gas and also for the
sake of purging. The total flow rate of the Ar was 250 sccm.
The oxide layers were grown under 2.6 Torr.

Electrochemical Measurement. All electrochemical mea-
surements were carried out using two-electrode cells. Galvano-
static cycling tests were performed using titania nanotubes as
the working electrode. Li metal was used as the counter
electrode. Glass membrane (Glass Micro Fiber, Whatman, UK)
was used as a separator. The electrolyte was 1 M LiPF6 in a 1:1
mixture of ethylene carbonate and dimethyl carbonate. No
binders or conducting carbon were used. Cell assembly was
conducted in an Ar-filled glovebox. Galvanostatic discharge-
charge was performed using a Won-A Tech WBCS 3000 system;
measuring potential was in a range of 0.7 to 3.0 V (Li+/Li) at
current rates from the C/20 to 600C (1C ) mA/g). The mass of
TiO2 nanotubes were measured directly using a microbalance
(XR205SM-DR, with precision of 10 µg).

Sample Characterization. The geometry and dimensions of
the resulting nanostructures were investigated by FESEM
(JSM7000F, JEOL, Japan) and HRTEM (JEM2100F, JEOL, Japan).
TEM samples were prepared by mechanically transferring the
as-treated tubes onto a substrate and to a TEM grid.

RESULTS AND DISCUSSION
We used amorphous titania nanotubes as starting materi-

als. These nanotubes were prepared by the template-
directed low-temperature atomic layer deposition (ALD)
method previously demonstrated by the authors (see also
experimental section) (19). The wall thickness of the nano-

tubes can be precisely controlled by varying the number of
ALD cycles of the desired oxide layer, and the length and
diameter can be tailored according to the templates used
(20, 21). Diameter modulation of the initial nanotubes is also
possible simply by fabricating a diameter-modulated alu-
mina membrane (22, 23). Upon the deposition of the TiO2

layers, the as-deposited membranes were treated by im-
mersion under mild alkali conditions, typically, 1-3 M NaOH
(or KOH) at room temperature (up to 65 °C) for anywhere
from several hours up to 72 h. Figure 1a shows the resulting
hierarchical titania nanotubes after treatment with KOH (3
M) at room temperature followed by washing with pure
water. The final diameter of ∼200 nm is comparable with
the initial inner-pore diameter of the commercial alumina
template used. Nanorodlike surface branches are apparent
on the body of the tubular structures, as shown in Figure 1a.
A similar phenomenon was observed in the experiments
that used NaOH solutions (Figure 1b, and 3). In this case,
alumina templates having sub-100 nm pore diameter were
employed to demonstrate the similar roughness factor (up
to∼1000) with that of the nanoporous counterparts, e.g.,
mesoporous particulate films (23). Figure 1b shows a TEM
micrograph of the resultant self-branched structure from the
amorphous titania nanotubes treated under a mild condition
(1 M NaOH at 65 °C for ∼24 h). The original titania
nanotubes had ∼60 nm diameter and ∼15 nm wall thick-
ness. The reduced thickness of the nanotubes’ wall in Figure
1b indicates consumption of the wall layers upon treatment.
The essential feature is the branched nanotubular structures
decorated with nanorodlike arms whose axis is nearly
perpendicular to the tube axis, as observed in the KOH
treatments (Figure 1a). Figure 1c shows an enlarged TEM
image of a single branch 3-4 nm in diameter and a few tens
of nanometers in length. Although the nanocrystalline nature
of the branched nanotube was detected by the diffused
electron diffraction result (the inset of Figure 1b), indistinct
lattice fringes, in this particular case, might come from the
off-axis of the layered structures. However, the presence of
anatase (004) indicates that the atomic layers are stacked
into the nanorods/sheets rather than forming quasi-2D rolls
(15), as will be discussed later. To investigate these structures
in detail, we recorded electron energy loss spectra (EELS)
along the cross-sectional direction of the branched titania
nanotube (Figure 1b, d). The core-loss EELS signal at the Ti
L edges was recorded along line A-B in Figure 1b. Figure
1d shows the splitting and binding of peaks for the Ti L3 and
L2 edges throughout the scanning, as marked by the empty
black arrows. The complete crystal-field splitting on the Ti L
edges is representative of the high quality of the local crystal
symmetry (24). In addition to the electron diffraction data,
therefore, the EELS line-scan results testify that the crystal-
line anatase TiO2 branches were created from the amor-
phous body of titania nanotubes. The crystalline nature of
the resulting titania is also characterized electrochemically
in the Li secondary battery experiments, as will be shown
in Figure 6.
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We further proceeded with the treatments and observed
completely layered titanate sheets, as shown in Figure 2a,
indicative of the full consumption of the body of amorphous
titania nanotubes. The interlayer spacing was ∼0.75 nm,
which corresponds to that of the hydrotitanate layered
structures (7). It should be noted that in a control experi-
ment, no detectable branching was observed in the crystal-

line anatase TiO2 nanotubes (i.e., those annealed at 400 °C
for 1 h) upon the mild alkali treatment (1 M NaOH, 65 °C,
24 h), but the reaction with our anatase TiO2 nanotubes
under the typical strong hydrothermal condition (10 M
NaOH, 120 °C, 24 h) resulted in significant surface damage/
dissolution (see the white arrow heads, for example in Figure
2b). By comparing our results for the mild and strong alkali
treatments, one can suspect that both treatments give rise
to dissolved titania surfaces and provide the source of small
TiOx patches, but the dissolved patches seem to be branched
only in the case of nanotubes with amorphous body (Figure
1a) and seem to be nucleated homogeneously for the
anatase nanotubes (Figure 2b). A recent study of TiO2

nanorod arrays on a Ti metal film also supports such an
argument by demonstrating that an amorphous oxide or
hydroxide layer formed on the Ti film can serve as a good
adhesion layer between the strong alkali-treated nanorod
arrays and the substrate (25).

Now, whether the branched titania is indeed from the
amorphous body of titania nanotubes was investigated by
observing the initial growth of the branches and by deter-
mining the formation mechanism. The amorphous nano-
tubes were prepared by depositing thin titania layers of ∼20
nm onto the porous polycarbonate (PC, Whatman, UK)
templates rather than using alumina with the same condi-

FIGURE 1. (a) Electron micrographs of the resulting branched structures after the alkali treatment of as-deposited amorphous nanotubes
having 200 nm diameter and 20 nm wall thickness in a 3 M KOH solution at 25 °C for 72 h. The inset is the corresponding TEM image
at the same magnification. (b) TEM images of the resulting structures after the alkali treatment of amorphous nanotubes possessing
initial 60 nm diameter and 15 nm wall thickness in a 1 M NaOH solution at 65 °C for 24 h. The inset is the electron diffraction result
from the tube of the panel b. (c) Magnified TEM image of a single branch. (d) Core-loss EELS spectra at the Ti L edges recorded along the
line A-B in the panel b.

FIGURE 2. (a) TEM image of the titanate layers formed after complete
consumption of the original amorphous titania nanotubes in the
mild alkali solution. The nanotubular structures have gone and the
nanolayers/sheets with ∼0.75 nm interlayer spacing are seen in
which there is no difference from those in the literature. (b) SEM
image of the postannealed anatase TiO2 nanotubes obtained after
treatment with a strong alkali solution (10 M NaOH, 120 °C, 24 h).
The original anatase TiO2 nanotubes were prepared by depositing
15 nm thick amorphous titania layer inside homemade porous
alumina templates having ∼60 nm pore diameter, followed by
annealing at 400 °C for 1 h. Upon the reaction, there is surface
damage/dissolution (see the white arrowheads).
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tions, as mentioned above. In fact, alkali solutions such as
NaOH and KOH are etchants for alumina, which means we
cannot control the initial reaction time for the purposes of
this experiment, and thus we chose the PC template. The
resulting titania nanotubes were also amorphous, as previ-
ously reported by the authors (19). The mild alkali treatment
was conducted with the amorphous titania nanotubes after
complete dissolution of the PC template in a chloroform
solution. Upon treatment with a 1 M NaOH solution at 65 °C
for ∼1 h, we observed the initial growth for the resulting
structures. Figure 3 shows the initial structures of the self-
branched titania nanotubes. Overall, sparse nanorods/
branches are observed compared with the samples treated
for more than ∼20 h (Figure 1a). At an appropriate zone-
axis, a crystalline branch with the stacked anatase (010)
patches spaced by ∼0.76 nm is clearly observed, as shown
in Figure 3c. The spacing is equal to the interlayer distance
between (010) planes for the layered TiO2 structure. For the
reason that the (010) planes were unit patches, we suspect
the growth mechanism for this self-branch phenomena to
be as follows. Both faces of the building blocks are mostly
terminated with undercoordinated Ti5c and O2c atoms, and
such dangling bonds are sensitive to ions in the alkali
solutions. Therefore, the small TiOx patches dissolved from
the amorphous nanotube surfaces might be aligned and
stacked into the anatase (010) planes, which are the most

charge sensitive faces, growing to nanorods/sheets on the
nanotube’s surfaces (see the inset of Figure 1c). The per-
pendicular growth direction of this growth against the axis
of the tube body (see for example, Figures 1a, b) might result
from the repulsive interactions between the negatively
charged building blocks during growth. The amorphous
nanotubes of relatively good quality provided by the atomic
layer-by-layer nature of ALD also seem to contribute to the
success of the self-branching for the amorphous titania
nanotubes. For example, electrochemically anodized titania
surfaces might contain substantial fluorine-based complexes
within the structures, and might be resistant to an alkali
medium with different surface chemistry. Therefore, our
amorphous nanotubes enable the system to hydrothermally
react at low temperature, i.e., under mild alkali conditions.

Furthermore, the morphology and structure of the result-
ing hierarchical titania nanotubes can be controlled as, for
example, in the following manner. Upon the above demon-
stration of crystal/amorphous (branch/body) nanotubes, all-
crystalline, branched TiO2 nanotubes were fabricated from
the amorphous/anatase composite titania nanotubes that
were prepared with high-temperature ALD (ca. 300 °C). In
this case, the as-deposited titania nanotubes contain crystal-
line anatase grains in their interior and also have an amor-
phous phase as a result of the partial anatase nucleation and
growth. Figures 4a-c show the TEM micrographs of the

FIGURE 3. TEM micrographs of the titania nanotubes obtained from using the PC templates upon the mild alkali treatment (1 M NaOH, 65 °C)
for ∼1 h showing the initial stage of the branched growth of the hierarchical nanotubes. (a-d) TEM images at different magnifications, exhibiting
that the branches are crystalline phase. The solid blue circle of panel c shows the merge of small crystalline segments, supporting the present
growth mechanism.
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resulting branched TiO2 nanotubes. The as-deposited titania
nanotubes were reacted for ∼24 h in similar mild solutions,
but the relatively short branches are probably a result of the
small amount of amorphous matrix in the nanotube body,
implying that the length of the branches can be tailored by
controlling the amorphous contents of the titania nanotubes.
The layered structures of the nanorod branch were also
observed in the magnified TEM image shown in Figure 4c,
in which the crystalline anatase lattice fringe of the tube body
is seen supporting the self-branched nanorod/arm.

The branches can be also created on the desired surfaces
of nanotubes in a site-selective manner by using the tem-
plate material itself as a delay agent during wet chemical
etching. Alumina templates housing amorphous titania nan-
otubes coated conformally in their interior, i.e., in-house
samples, were plunged into the mild alkali solutions without
removal of the template. After at least one day (up to one
week), the samples were washed with pure water and were
observed as shown in Figures 5a-c. Figure 5a displays top-
view SEM micrographs showing inside nanotubes at the
relatively initial stage of growth after partial etching of
surfaces (i.e., mechanical polishing). White arrowheads in
Figure 5a indicate the branched structures inside the tube.
Typical TEM images b and c in Figure 5, taken after 2-3
days, testify that the inner surfaces are mostly branched (see
the inset of panel a). In these experiments, the inner surfaces
of the nanotubes were first exposed to the alkali solutions
and branched until there was a complete dissolution of the
template materials. Therefore, it was sufficient to control the
branching kinetics between the inner and outer surfaces of
the amorphous titania nanotubes. Interestingly, after such
long-term treatment under mild conditions, the branches

grew into layered structures (Figure 5b,c, see the white arrow
of panel c), as seen by others in typical strong alkali
treatments.

The increased surface area and crystalline nature of the
resulting self-branched TiO2 nanotubes were experimentally
demonstrated by electrochemical characterization. The ar-
rays of TiO2 nanotubes before and after the mild alkali
treatment were compared as electrodes in lithium batteries.
Array structures of tubular titania on Cu metal supports were

FIGURE 4. TEM images and representative EDX spectra of the hierarchical nanostructures branched from amorphous/anatase composite
nanotubes. Enlarged TEM images show the individual and layered structures of the resulting branches.

FIGURE 5. (a) SEM micrographs of the partially etched surfaces of
the inner surface-branched titania nanotubes at the relatively initial
reaction stage, showing the branched nanorods inside the pores as
indicated by the white arrows. The right-side scheme illustrates the
inner-surface-branched tubular structure. (b, c) TEM of the only
inner-surface-branched hierarchical titania nanotubes upon the
desired reaction time in which the layered structures are seen as
pointed-out by the white arrowhead.
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prepared by methods reported previously by the authors
(20). Panels a and b in Figure 6 show a comparison of the
galvanostatic discharge/charge curves of the two. As for the
branched structures, the essential feature was the presence
of the semivoltage plateau in the curves, which is indicative
of insertion and deinsertion of Li ion from specific sites of
crystalline structures, such as tetrahedral and octahedral
sites, in the case of the tetragonal anatase structure (26). We
suspect that the semivoltage plateau might result from the
superimposition of the electrochemical performances of
amorphous and crystalline anodes, implying the successful
self-branching of crystalline arms from the amorphous body
at room temperature. A recent study of the electrochemical
characterization of anodized TiO2 surfaces with/without
postannealing supports our argument (27). The results for
the cycling of the two samples, i.e., before and after branch-
ing, testify to the increased specific surface that leads to the
enhanced device performance (the inset of Figure 6c). The
active surface area was observed to be improved by ∼20%
in terms of the specific capacity of the Li secondary battery,
as indicated by the green arrows in Figure 6c. The stability
and rate capability require further study in order to use such
a material in high-performance Li batteries (28, 29).

CONCLUSIONS
In summary, we report a self-branching phenomenon

from amorphous titania nanotubes to hierarchical nanorod-
branched titania nanotubes in diluted alkali solutions at near
room temperature. This mild hydrothermal reaction pro-
vides a simple, versatile way to create hierarchical 1D
nanostructures without extrinsic junction interfaces. The
amorphous titania nanotubes prepared by the template-

directed low-temperature ALD are believed to allow for the
successful reaction. Layered titanate structures consisting of
single-layer TiO2 sheets, obtained upon full consumption of
the amorphous titania nanotubes, indicate that our branched
structures are in an intermediate state in the formation of
layered titanate materials by strong alkali treatment. The
surface modification strategy reported here should have the
potential for improved electrical and electrochemical ap-
plications, as demonstrated in the application of this system
for a Li secondary battery anode.
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