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ABSTRACT: We present a facile vapor-phase hydrother-
mal approach for direct growth of vertically aligned titanate
nanotubes on a titanium foil substrate. The resultant
nanotubes display external diameters of S0—80 nm and
walls with an average thickness of 10 nm that consist of more
than 10 titanate layers. This is in strong contrast to the
titanate nanotubes obtained from alkaline liquid-phase
hydrothermal methods, which are generally smaller than
12 nm in external diameter and have walls consisting of less
than five titanate layers. Importantly, the investigation
confirmed that under vapor-phase hydrothermal conditions,
the nanotubes were formed via a distinctive nanosheet roll-
up mechanism that differs remarkably from those of con-
ventional liquid-phase hydrothermal processes. For the first
time, a coaxial circular cylinder crystal structure of the
resultant nanotubes was confirmed.

Titanium oxide nanotubes have received considerable atten-
tion because of their superior electron transport properties,
high aspect ratio, and photocatalytic activities, which are advan-
tageous for photocatalysis, energy conversion and storage, bio-
medicine, and sensing applications.' ® Over the past two
decades, many synthetic methods, including template-assisted
approaches, anodization, seeded growth, and liquid-phase hydro-
thermal methods (LPH) have been reported.”” '* Among them,
LPH methods have been the most widely used to obtain large
quantities of titanate nanotubes.""'® To date, all titanate nano-
tubes obtained from LPH processes are almost exclusively in
the solution suspension or precipitate forms.'"'>'* Regardless of
the synthesis conditions, all reported titanate nanotubes syn-
thesized using alkaline LPH methods possess similar diameters
of 8—12 nm."""*7'* To the best of our knowledge, no vapor-
phase hydrothermal (VPH) method for the synthesis of
titanate nanotubes has been reported to date. In regard to tita-
nate nanotube formation mechanisms under LPH conditions,
although a variety of different views have been proposed, the
precise formation mechanism is still somewhat controversial
because of the lack of direct experimental evidence in
support.'*'®'” The extremely small size of the tubular structures
partially contributes to the difficulties in obtaining direct
experimental evidence to confirm the proposed formation
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mechanisms.'®”'” For the same reason, the precise crystal
structures of hydrothermally produced nanotubes have not been
identified.

Herein we report for the first time a facile VPH method for
direct growth of vertically aligned titanate nanotubes with larger
diameters on a titanium foil substrate via a distinctive nanosheet
roll-up mechanism. Unlike the titanate nanotubes obtained from
LPH processes, the diameters of the titanate nanotubes obtained
from VPH processes are much larger and tunable. Importantly,
the nanosheet formation, roll-up, and subsequent crystal refor-
mation processes here are clearly demonstrated by experimental
evidence that categorically confirms the proposed nanosheet roll-
up mechanism. The resultant nanotubes possess a coaxial circular
cylinder crystal structure.

For a typical VPH synthesis process, a titanium foil substrate
coated with NaOH is hydrothermally treated in an autoclave with
the vapor generated from a 28% ammonia solution at 150 °C for
1—72 h (Scheme S1 in the Supporting Information). Figure la
shows a typical surface scanning electron microscopy (SEM)
image of the as-synthesized sample after 24 h of VPH reaction. It
reveals a vertically aligned nanotubular structure formed on the
titanium foil substrate (Figure la and Figure S1). The as-
synthesized nanotubes had external diameters of 50—80 nm
and lengths of several hundred nanometers. The nanotubes were
further examined by the transmission electron microscopy
(TEM), as shown in Figure 1b. The TEM image shows that
the internal and external diameters of the examined nanotube are
about 30 and 50 nm, respectively (Figure 1b). The high-resolu-
tion TEM (HRTEM) image (Figure 1c) reveals that the spacing
between adjacent layers of the nanotube wall is 7.7 A and that the
nanotube wall has a thickness of 10 nm and consists of 13 titanate
layers (Figure 1c). X-ray diffraction (XRD) analysis and Raman
spectra of the as-synthesized nanotubes obtained using VPH and
LPH methods are given in Figure S2. As expected, the XRD data
confirm that the nanotubes fabricated by these two methods
possess similar crystal structures (Figure $2a).”°”** The results
obtained from diffraction data (Table S1), Raman spectra (Figure
S2b), energy-dispersive X-ray spectroscopy (EDXS) (Figure S3a),
and X-ray photoelectron spectroscopy (XPS) (Figure S3b,c)
confirm that the structure of the as-synthesized nanotubes can
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Figure 1. Morphological and structural properties of the as-synthesized
titanate nanotubes on a Ti foil substrate after VPH reaction at 150 °C for
24 h: (a) SEM image; (b) TEM image; (c) HRTEM image; (d) SAED
pattern. The inset in (a) is a high-magnification SEM image of a resultant
nanotube.

Figure 2. SEM images of the nanostructures grown using the VPH
treatment process for (a) 3, (b) 6, (c) 12,and (d) 72 h. The inset in (a) is
an SEM image of the original Ti foil.

be assigned as an orthorhombic lepidocrocite-type titanate, repre-
sented by H0_7,x,yNax(NH4)yTi1V825|:|0.17504-HZO (where O =
vacancy), which is a cation-exchanged product of Hy;Tiigs
Oo17504-H,02°72 A selected-area electron diffraction (SAED)
pattern of the nanotube wall is given in Figure 1d. It was taken with the
incident beam along the [001] direction, indicating that the multi-
layered nanotube was rolled in the [001] direction with the tubular
axis along the [100] direction. It is well-known that typical
titanate nanotubes made from the alkaline LPH method
normally display an external diameter of less than 12 nm
with a nanotube wall consisting of less than five titanate
layers (Figure S4).'"'*'®>* Although the nanotubes pro-
duced by the LPH and VPH methods show similar crystal
characteristics (Figure S2), the VPH-produced nanotubes
are S times larger in diameter and nearly 3 times thicker in
nanotube walls relative to the LPH-produced titanate nano-
tubes (Figure 1b,c). Such significant dimensional differences
could be ascribed to the remarkable differences in growth
environment and formation mechanisms of the two methods.

To study the nanotube formation mechanism under VPH
conditions, the structure growth processes on the titanium foil
substrate were examined by SEM. Figure 2 shows SEM images of
the as-synthesized samples for different durations of VPH treatment.
Before VPH treatment, no structures could be observed on the
surface of the pretreatment titanium foil (Figure 2a inset). A thin-
liquid-layer alkaline environment on the substrate surface was
instantly established during the initial stage of the VPH process
via the wetting of the precoated NaOH by the condensed NH3-
saturated water vapor. Dissolution of the titanium substrate by
NaOH then took place, similar to the case of the alkaline LPH
process. However, the structure formation (precipitation) under
VPH conditions could be more rapid than in the LPH process.
This is because of the small solution volume and high initial
NaOH concentration in a typical VPH process. The entire thin
liquid layer can be rapidly supersaturated by the titanate species
from the dissolution of the titanium substrate. This is in strong
contrast to an alkaline LPH process, where the titanate species
from the dissolution of titanium substrate diffuse into the bulk
solution. The concentration of the titanate species must first
reach saturation in the bulk solution, then the structure forma-
tion may occur at locations where the concentrations of the
titanate species are higher than the saturation concentration
(resulting from the continued dissolution process).

After 3 h of VPH treatment, vertically aligned nanosheets
similar to those obtained by LPH method” were formed on the
titanium foil substrate (Figure 2a). The nanosheets were grown
to significantly larger sizes when the reaction time was increased
to 6 h (Figure 2b). At this stage of VPH treatment, the average
thickness of the as-synthesized nanosheets was found to be
~10 nm. No significant changes in the nanosheets’ dimensions
(in terms of thickness and area) were observed when the reaction
time was further increased. This can be attributed to the
dramatically decreased NaOH concentration in the thin liquid
layer. Unlike the case of an alkaline LPH process, where the
dissolution of titanium can be sustained by continuously supply-
ing NaOH from the bulk solution, the dissolution of titanium
cannot be sustained once the limited amount of precoated
NaOH is consumed, as the alkalinity provided by the NH;-
saturated water vapor is insufficient to dissolve the titanium metal
rapidly. This means that the alkalinity within the reaction zone
changes dramatically over time, which could lead to different
formation mechanisms at different stages of the VPH process;
this is one of the distinctive differences between the LPH and
VPH methods. Indeed, the SEM images of the VPH-treated
samples obtained at longer treatment times indicate a distinctive
nanosheet roll-up process. Figure 2¢c shows a typical SEM image
obtained from an as-synthesized sample after 12 h of VPH
treatment. A noticeable amount of matured nanotubes and
half-rolled nanosheets are displayed. At this stage of the VPH
process, the precoated NaOH is exhausted, and the reaction
environment is dominated by the NHj-saturated water vapor.
The precise driving force for the roll-up of the nanosheets is still
unclear. However, the obtained results suggest that the interac-
tion of the nanosheets with NH;3 molecules plays a key role in
creating the surface tension leading to the curvature of the
multilayered structure.”* >® The critical role of NH; in the
nanosheet roll-up is supported by the results shown in Figure
SS. These experiments were performed in absence of NH;, with
the other conditions kept identical to the VPH conditions
employed in Figure 1. Nanosheets were obtained for all cases,
but no nanosheets were obviously rolled-up to form nanotubes.
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Figure 3. (a—d) top-view SEM images of the morphological evolution
from a nanosheet into a nanotube; (e) TEM image of a joint of a scrolled
nanosheet viewed along the scroll axis; (f) side-view TEM image of a
nanotube with an undetached exfoliating nanosheet; (g) magnified
TEM image of the dashed-square region in (f).

The formation of nanosheets was due to the presence of pre-
coated NaOH. After 24 h of VPH treatment, all of the 2D
nanosheets were rolled up to form vertically aligned 1D nano-
tubes (Figure 1a). No noticeable structural or morphological
changes were observed when the treatment time was extended to
72 h (Figure 2d).

To gain insight into the nanosheet roll-up and structural
evolution processes, high-magnification SEM and TEM images
of the sample obtained after 18 h of VPH treatment were taken.
At this VPH stage, the sample consists of morphologies of infant
and mature nanotubes (Figure S6). The roll-up process is
illustrated by distinct rolling stages of individual nanosheets or
nanotubes, as presented in Figure 3a—d. Figure 3a shows a
rolled-up titanate nanosheet before nanotube formation. In the
subsequent step shown in Figure 3b, one end of the rolled
nanosheet joins to its intrados in the middle part by saturating the
dangling bonds of the nanosheet,”” as indicated by the arrow.
The TEM image of the joining section viewed from the tube axis
is given in Figure 3e. It clearly shows that the second, third, and
fourth inner layers of the joining end are merged at the same host
layer, namely, the second inner layer of the intrados, as indicated
by the left arrow, while other layers undergo the merging (crystal
reformation) process,”**" as shown by the right arrow. This
indubitably not only demonstrates that the joining process
involves a physically rolled-up nanosheet but also shows that
the crystal reformation at the joint plays a decisive role in
completing the nanotube formation. The excess segment of the
nanosheet is detached to form a mature nanotube when the
crystal reformation (merging) process is completed. The detach-
ment of the excess segment was initiated from the top rim of the
joint, as shown by the arrow in Figure 3c. Figure 3d shows a
nearly mature nanotube at the late stage of the detachment
process. TEM images of the detaching segment (Figure 3fg)
show a “Y”-shaped junction with 11 layers on the branches and
15 layers on the joint. The results shown in Figure 3e—g are more
clearly illustrated by the schematic diagram shown in Scheme S2.
It should be noted that the circularity of the nanotubular
structure improved from an elliptical shape (Figure 3b) to a
circular shape (Figure 3d) as viewed along the tube axis because

Figure 4. (a) TEM image of an individual titanate nanotube. (b) FFT
image of the nanotube walls. (c) Schematic FFT graph deduced from
(b). (d) IFFT image corresponding to the area marked in red in (a).

of the even elastic strain distribution along the tubular cylinder wall
after the establishment of the orbicular multilayered structure.
The results presented above demonstrate that the titanate
nanotubes obtained under the VPH conditions are formed by
direct roll-up of entire nanosheets and crystal reformation at the
joint. If this is true, then the resultant nanotube should possess a
seamless circular crystal structure. In other words, the multi-
layered walls on both sides of the nanotube should be symme-
trical and identical in crystal structure. Figure 4a shows a TEM
image of an individual titanate nanotube after 24 h of reaction.
Figure 4b shows the fast Fourier transform (FFT) image on both
sides of the nanotube walls corresponding to the area marked in
red in Figure 4a. The schematic FFT graph deduced from
Figure 4b shows a symmetric FFT image with an identical
(110) to (020) planar angle of 75°. This was further confirmed
by the inverse-FFT (IFFT) images shown in Figure 4d, where the
measured angles between the (110) and (020) planes on both
sides of the nanotube walls were identical. This confirms that the
crystal structure of the titanate nanotube produced under VPH
conditions is indeed in the form of a coaxial circular cylinder.
In comparison with the nanotubes obtained under alkaline
LPH conditions, the nanotubes obtained in this work under VPH
conditions possess much larger diameters and wall thicknesses.
The formation mechanisms also differ remarkably between the
two methods. These results may be attributed to the following
key differences between the two methods. The dissolved titanate
species undergo the physical and chemical reformation processes
in solution to form the basic building blocks (precursors). The
dimensional and structural properties of the basic building blocks
are important attributes that strongly influence the nanostructure
formation. These properties are determined by the physiochem-
ical reformation conditions. In the case of the alkaline LPH
process, the reformation occurs mainly in the bulk solution under
an essentially constant NaOH concentration (alkalinity) for a
reasonably long period. However, reformation conditions are
distinctively different in the VPH process because the entire thin
liquid layer (the reaction zone) is rapidly supersaturated by the
dissolved titanate species, allowing only a short time for the
reformation process before precipitation occurs. This could
mean that the basic building blocks produced by the two
methods are vastly different, resulting in difterent sizes of nano-
structures. With the LPH process, the dissolved titanate species
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are highly mobile within the large volume of the bulk solution.
Under such conditions, the resultant nanotubes possess high
aspect ratios, and seed-formation-oriented crystal growth would
be the most likely formation mechanism.'”**** In contrast, the
mobility of the dissolved titanate species is low under the VPH
conditions. As a result, the production and consumption of the
titanate species are highly localized. This adds to the changes in
reaction environment with time (caused by the decreasing NaOH
concentration in the thin liquid layer), leading to a two-step
formation mechanism. The nanosheets are first formed in the
presence of sufficient concentration of NaOH. This is followed by
the nanosheet roll-up and crystal reformation processes driven by
the NH;-saturated water vapor to form nanotubes.

In summary, we have demonstrated a facile VPH method for
the direct growth of vertically aligned titanate nanotubes on a
titanjum metal foil substrate. These nanotubes have large dia-
meters of 50—80 nm that cannot be obtained using the conven-
tional alkaline LPH method, and this can be attributed to the
unique hydrothermal environment created by the NH;-saturated
water vapor phase. More importantly, we have proposed and
experimentally validated for the first time a distinctive nanosheet
roll-up/crystal reformation mechanism for formation of nano-
tubes under VPH conditions. A seamless coaxial circular crystal
tubular structure has also been proposed and experimentally
validated. We believe the findings presented in this work advance
the knowledge of nanotube formation mechanisms and could be
extended to the fabrication of other metal oxides on desirable
substrates for wider applications.
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© Supporting Information. Experimental details; cross-sec-
tional SEM image, XRD data, and Raman, EDXS, and XPS spectra
of the titanate nanotubes; SEM image of titanate nanotubes
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prepared for 18 h and those without ammonia atmosphere; and
a schematic illustration of the crystal reformation process during
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