Nanotube Structures

Vapor-Phase Hydrothermal Growth of Novel Segmentally
Conﬁgured Nanotubular Crystal Structure
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Unique structural, geometrical and physiochemical properties of 1D multilayered nanotubular materials make them a
class of promising functional nanomaterials for a wide range
of applications.[1] Diversified multilayered nanotubes such
as carbon, metal sulphides and metal oxides nanotubes have
been synthesized in laboratory.[1b,f,2] With regard to crystal
structure, the vast majority of synthesized the multilayered
nanotubes to date are either in seamless co-axial cylindr
ical[1a,1e,3] or scroll-like arrangement.[1c,d,4] However, only
few nanotubes’ crystal structures have been decisively confirmed with sufficient experimental evidence support.[5] This
is especially true for TiO2 nanotubes,[2i,2l,4,6] of which only
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one report confirms the seamless coaxial cylindrical structure
while scroll-like crystal structures have not yet been confirmed.[3] As far as the formation mechanism is concerned,
for hydrothermally synthesized metal oxide nanotubes, TiO2
nanotubes in particular, although extensive studies have been
reported, the precise mechanistic pathways are still unclear
and often controversial due to the lack of direct experimental evidence support, especially the precise crystal structural information.[3] From synthesis methodological points
of view, the liquid-phase hydrothermal (LPH) methods have
been widely used to obtain large quantity metal oxide nanotubes.[2i,l,4,6] However, for fabrication of TiO2 nanotubes,
LPH methods is only capable of producing nanotubes with
a narrow diameter range (8–12 nm) while the controllable
growth of nanotubes with wider range of dimensions, shapes
and crystal structures has not been succeeded.[2i,l,4,6]
We recently reported new vapor-phase hydrothermal
(VPH) methods using NH3 and HF vapor phases to fabricate TiO2 based nanomaterials with controllable geometry,
dimension and crystal facets.[3,7] With NH3 vapor phase, we
successfully fabricated large quantity of titanate nanotubes
that differ significantly to those obtained from conventional LPH conditions in terms of tubular geometry, dimension and crystal structure.[3] For the first time, a nanosheet
rolled-up mechanism to form larger diameter titanate
nanotubes with high crystallinity and co-axial cylindrical
crystallographic structure is categorically confirmed. More
importantly, the studies revealed that the unique reaction
environment created under VPH conditions is responsible
for the differences of the resultant nanostructures and formation mechanisms.[3,7] In strong contrast to a LPH method,
all VPH reactions occur within a thin-liquid layer reaction
zone formed on the surface of the substrate. The dissolution products can rapidly reach a supersaturating status in
the thin-liquid layer reaction zone (with small volume) to
facilitate the structure formation. Also, the mass transport
limitation within the thin liquid-layer reaction zone makes
the dissolution/precipitation (structure formation) highly
localized. Herein, we demonstrate for the first time of a new
nanotubular crystal structure via an oriented crystal growth
mechanism using a facile VPH method. Strongly differed
from any given nanotube structural model, a multi-tunneled
layered nanotubular structure with droplet shaped polygonal
periphery consist of single-crystal-like segments has been categorically confirmed. Systematic investigation shows the distinctive nanotube formation can be attributed to an epitaxial
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Figure 1. SEM, TEM images and SAED patterns of the nanotube samples prepared by traditional LPH (a-c) and VPH methods ((d-f) for VPH I sample
and (g-i) for VPH II sample).

crystal growth oriented by the titanate precursor. The asprepared nanotubes possess superior ion exchange properties
that make them useful candidates for diversified applications.
The NaOH coated porous titanate-grown Ti foil precursor
(Figure S1) was employed for the nanotube growth under
NH3-saturated vapor conditions (Figure S2). Figures 1a, d, and
g show the scanning electron microscopy (SEM) images of
the directly grown titanate nanotubes via LPH approaches in
10 mol L−1 NaOH solution and VPH approaches with different
amounts of pre-coated NaOH (see experimental details).
Hereafter, these samples are denoted as LPH, VPH I and VPH
II for simplicity. The nanotubes obtained from VPH methods
exhibit remarkably larger external widths and more layers
of wall structure (i.e., 37.4 nm with 23 layers for VPH I and
82.5 nm with 45 layers for VPH II) than that obtained from
LPH method (9.0 nm with 3 layers) (Figures 1b, e, and h). The
inner widths of the all nanotube tunnels are ˜5 nm. The interlayer distance measurements of over 40 nanotubes by transmission electron microscopy (TEM) reveal an average values
of 7.7 and 7.5 Å for VPH I and VPH II nanotubes. The X-ray
diffraction (XRD) data show identical reflection peaks for all
samples (Figure S3), that can be assigned to a lepidocrocitetype titanate, H0.7-x-yNax(NH4)yTi1.825 ?0.175O4·H2O (where,
* = vacancy),[3] a cation exchanged product of body-centered
orthorhombic H0.7Ti1.825? 0.175O4·H2O.[8] The selected area
electron diffraction (SAED) patterns of the nanotube walls
recorded with incident beam perpendicular to the tube axes
are shown in Figures 1c, f and i. They can be indexed as the
(hk0) reflections with [001] zone axis. Compared with the LPH
sample, higher indexed reflection spots are well resolved in
the VPH samples (Figures 1f and i), indicating high crystallinity. It is noted that the (020) plane is depressed due to the
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dehydration of interlayer water molecules (about 30%)
during the high vacuum in TEM observation.[8a] However,
no such plane spacing reduction is detected in the ambient
pressure XRD measurement (Figure S3). The Raman spectra
of the nanotubes with different thickness are consistent with
the XRD data (Figure S4). It is revealed that characteristic
phonon modes at 190, 274, 385, 446, 670, 704, 827 and 914 cm−1
are to the vibrations of lepidocrocite-type titanate.[6d,8b,9] The
bands 670 and 704 cm−1 are related to the vibration modes of
nanotube surfaces.[9b] From the XRD and Raman data, it is
conclusive that the titanate nanotubes prepared in LPH and
VPH methods share analogous crystal structures.
In the TEM observation, nanotubes with multiple inner
tunnels were occasionally detected, particularly for VPH
II samples (Figure S5). This is in strong conflict with the
common coaxial circular cylindrical[1a,e,3] or scroll model,[1c,d,4]
which presumably possess only a single tunnel. We therefore
studied the nanotubes’ structure by directly examining the
tubular cross-section structure. Figure 2a shows a typical
cross-sectional TEM image of a VPH II nanotube viewed
along the tube axis. In contrast to a perfect tubular geometry,
a droplet-shaped cross-section image was observed with several internal tunnels. More interestingly, the nanotube wall
was found to be configured with hierarchical “core-shell”
alike aggregative layers that each consists of a number of
individual layers with the spacing of ∼7.5 Å (Figure 2a). The
aggregative “core” layer structures are found to be irregular in terms of size, shape and position (Figure S6). The
“external” surface of core layers is partially attached to the
“internal” intrados of the “shell” with the rest being exposed
to the inner tunnels. This finding implies that the tubular
tunnel shown in Figures 1e, h represent the width of the
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segment boundary and the (020) plane
representing the angle between (020)
and (011) planes of lepidocrocite-type
titanate crystal determines an 18° outline
angle between the neighbour segments.
These results imply that the single-crystallike segments could be jointed to each
other by sharing twinning (110) planes,
of which crystallographic arrangement is
shown in Figure 2d. Consistent with the
TEM results, the SAED patterns of the
nanotubes with the incident beam along
the tube axis display (020) plane reflection dots with similar discrepancy angle of
18° (Figure S6). Such a polygonal segment
configured nanotubular structure represents a perfect crystal arrangement to
reduce the interlayer tension and overall
energy.[11]
Figure 2e shows the HRTEM image of
another unique structural characteristic: a
seaming ridge on the periphery observed
for each individual nanotube. Viewed
from the tube axis, the layers tend to join
each other at these locations to form an
arrow-shaped extrusion, which can be
more clearly demonstrated by Figure 2f.
A detailed crystallographic analysis of the
extrusion shows that the angle between
the seaming plane and layer (020) plane
is 36°, which is consistent with the angle
between (071) and (020) planes, strongly
indicating that the two segments in the
seaming ridge may be seamed by sharing
of the twinning (071) plane (Figure 2b,
e, and f). To our best knowledge, this
is the first time that a droplet shaped
“core-shell” multilayered nanotube structure has been demonstrated. The crosssectional TEM image of smaller size
nanotubes from VPH I sample shows
analogous polygonal segmental crystalloFigure 2. Layered structures of VPH II titanate nanotubes. Axial cross sectional TEM image of
(a) a nanotube, (c) nanotube walls and (e) seaming joint. (b) the schematic graphs of shell graphic arrangement with less shell layers
layer structure of a “perfect” nanotube constructed by identical flat sectors connected by (Figure S7).
The above results demonstrated that
sharing twin planes, (d) the (011) twin boundary between each sectors and (f) the (071) twin
boundary of the seaming joint.
in terms of size, geometry and crystallographic arrangement, the nanotubes in
innermost tunnel rather than sub-tunnels occasionally formed present work differ remarkably from any previously reported
between adjacent aggregative layers. Moreover, in contrast to TiO2-based nanotubes,[2i,2l,4,6] suggesting the formation mecha perfect seamless circular geometry, external “shell” exhibits anism could also differ significantly from the known ones.
a polygonal shaped outer profile with each polygonal section Targeted experiments were therefore performed to underbeing formed by a segment of single-crystal-like block,[1e,10] stand the growth pathway and formation mechanism. The
as illustrated in the schematically reconstructed tubular side-viewed SEM images show that all nanotubes were grown
cross-section images (Figure 2b). The high resolution TEM directly from the porous precursor (Figure S8). Also, the
(HRTEM) image was hence obtained to reveal the detailed crossing-grown nanotubes can be observed (Figure S9). The
crystallographic arrangement (Figure 2c). Although the size TEM image of an “injured” nanotube due to the crossingof segment may vary, the outline angle (18°) between the growth shows that the rest part of the nanotube remains
neighbor segments obeys a specific crystallographic arrange- unimpaired and the nanotube growth direction or size had
ment. An 81° discrepancy angle between the neighbor not been affected by crossing-growth (Figure S9). Obviously,
small 2013, 9, No. 18, 3043–3050
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Figure 3. Growth process of the nanotubes prepared in VPH reaction with thinner NaOH coating. (a–d) SEM images, (e–h) TEM images and (i–l) the
corresponding schematic diagrams (not to scale).

such a crossing-growth phenomenon can not be explained
by the nanosheet rolling-up growth mechanism.[3,12] The
SEM and cross-sectional TEM images of nanotubes at different growth stages are therefore obtained to illustrate the
growth pathway (Figure 3). Under the VPH conditions, a
thin aqueous alkaline layer (reaction zone) can be instantly
formed on the substrate by the saturated ammonia vapor,
leading to a rapid dissolution of titanium species to form
titanate building blocks. The concentration of the produced
building blocks rapidly saturates the thin layer reaction zone,
leading to the precipitation of outshoot seeding structures
onto the substrate as the arrow pointed in Figure 3a. It is
evident that such outshoot-like seeding structures serve as
the base for nanotube formation (Figure 3a, Figure S8). The
TEM image shows that such infant nanotubes possess several
curved titanate layers (Figure 3e), as schematically illustrated
in Figure 3i. The crystallization is found to be initiated at the
adjacent area on one side of the seeding outshoot arranged
in a layer-by-layer fashion by the tiny titanate building
blocks to form a curved hump-like infant nanotubular structure. According to the crystallographic arrangement shown
in Figure 2, the crystal orientations of the titanate building
blocks must match perfectly to the crystal orientations of
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the exposed crystal surfaces of the already formed tubular
structure before they can be built onto the tubular structure.
That is, the tubular structure formation process shown here is
an epitaxial crystal growth process. At this stage, the rates
of the orientated crystal growth along the axial a direction
(elongation), the radial b direction (thickening) and the tangential c direction (encirclement) are similar, as illustrated in
Figure 3i. As the reaction progresses, the structural expansion
to all directions via the layer-by-layer epitaxial orientated
crystal growth can be observed, leading to a longer semicylindrical shaped infant nanotube (Figures 3b, f, and j). As
the precipitation process proceeds, the building blocks continue adding to the exposed vertical section from the innermost to the outermost layer as indicated by the observed
stair-like layer structure in Figure 3c. It is to note that
polygonized periphery can be clearly observed at this stage of
growth, but the encirclement of the tubular wall has not yet
been completed, as shown by the TEM image (Figure 3g) and
schematic diagram (Figure 3k). This is followed by a critical
seaming process to complete the tubular wall encirclement,
leading to the formation of a seaming ridge (Figures 3d, h,
and l). Rather than directly fill the gap to complete the encirclement in a seamless cylinder, the sites tend to merge and

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

small 2013, 9, No. 18, 3043–3050

Segmentally Configured Nanotubular Crystal Structure

extrude outwards to form an arrow-shaped seaming ridge
along the tubular axis. This could be due to rigidity of the preformed single-crystal-like nanotube wall segments and when
the sizes of the titanate building blocks are larger than the
sizes of the last remaining gaps, the formation of an arrowshaped seaming ridge to complete the encirclement is the
most effective means to reduce the tension force and system
energy. It should be mentioned that in order to satisfy the
requirements for the epitaxial orientated crystal growth, the
crystal orientations of the building blocks for seaming must
on one end match the crystal orientations of the growing
sties at the tubular structure and on another end match each
other's crystal orientations to seam the nanotube wall. After
the seaming process is completed, the crystal growths occur
mainly on the axial a direction, leading to a steady increase
in the tubular length. Beyond this stage, the growths on radial
b direction are minimal. The proposed pathway implies that
the width of the innermost tunnel (Figure 1) is defined by the
size of the outshoot-like seeding structures.
The above experimental results have decisively confirmed an epitaxial orientated crystal growth process under
the VPH conditions. This is very different to the reported oriented crystal growth mechanism[13] under LPH conditions for
which the authors proposed that the seeding nanoloops generated by rolling-up of thin nanosheets in the initial stage of
LPH process served as the bases and the crystal growth was
subsequently occurred along the axial direction to achieve
the elongation. Such discrepancy in formation mechanisms
can be attributed to the differences in reaction environments
between LPH and VPH methods.[3] In fact, the differences
in size, geometry and crystal structure of the resultant nanotubes can also be attributed to the dramatically different
reaction environment created under LPH and VPH conditions. For the LPH reaction, for example, the dissolved titanium species need to undergo a bulk solution process to form
the basic building blocks and structural formation could start
only when the entire bulk solution has been saturated. In this
process, the formed building blocks can be re-dissolved and/
or reconstructed, and dislocated to anywhere within the bulk
solution, which makes the dissolution/precipitation processes
constantly under a “semi-equilibrium” status, regardless of
reaction conditions. This leads to the formation of small but
uniform sized building blocks hence the similar nanotube
diameters under different LPH conditions.[2i,l,4,6] Comparatively, the dissolution and precipitation processes under VPH
conditions are more rapid, dynamic and localized due to the
small volume of the thin layer reaction zone that greatly
limits the mobility of the dissolved titanium species but allows
rapid mass transport from the vapor phase. Under such conditions, localized supersaturation by the dissolved titanium
species can be rapidly achieved, leading to the formation of
larger sizes titanate building blocks that have little or no time
to undergo re-dissolving and/or reconstruction processes
before locally precipitated to produce thicker nanotubes. We
have previously demonstrated that using pure titanium substrate under similar VPH conditions, the obtained nanotubes
possess a seamless co-axial cylindrical crystal structure,[3] differing remarkably from the observed segmentally configured
nanotubes. With the pure titanium substrate, the nanotubes
small 2013, 9, No. 18, 3043–3050

are formed by a distinctive nanosheet rolling-up mechanism,
contrasting strongly to the determined epitaxial orientated
crystal growth mechanism in this work. A major difference
between the two cases is that a porous crystalline titanate
precursor is employed to replace the pure titanium substrate,
suggesting the precursor can be a decisive factor affecting the
size, geometry and crystal structure of the resultant nanotubes, and the formation mechanism.
Unlike carbon nanotubes,[14] whose diameters play
decisive role for the nature of their band structure, the asprepared titanate nanotubes in present study share similar
optical and electronic properties. Figure S10 shows the nearly
identical UV-Vis absorption spectra of the three titanate
nanotube samples, indicates that the optical properties of the
nanotubes are independent of their dimensions. The bandgap
energy for the as-prepared titanate nanotubes are estimated
to be about 3.7 eV by obtaining a zero intercept of the plot of
F(R)2 (Kubelka-Munk functions) against photon energy.
Titanate nanotubes have demonstrated practical potential as photocatalyst, photovoltaic materials, of which performance depends largely on their optical and electronic
properties. Also, their well aligned, open-up, negative charged
layered structures allow intercalation and exchange of free
ions within the host layer cavity, which make them versatile
candidates as support for distribution of various noble and
transitional metal catalysts or dopants in atomic scale.[15]
High exchange capacity and short loading time are the two
principal criteria for effective ion exchange process. In present study, the ion exchange properties of the as-prepared
titanate nanotubes are investigated by the kinetics of H+
exchange with Na+ upon addition of NaOH solution into protonated nanotubes suspension.[15c] Within the layer structure
and on the surface of the titanate nanotubes located large
amount of ion exchangeable cations or protons.[16] The ion
exchange process can be illustrated as:

xNa + + Na y H2−y T i n O2n+1 ⇔ Nax+y H2−x−y Ti n O2n+1 + xH+

(1)
In the protonated nanotube samples, small amount of
residual Na ions are present. They are strongly incorporated
with the nanotube and crucial for the stabilizing the tubular
structures.[16b] Ion exchange in concentrated acid (e.g., 1 M
HNO3) can remove these portion of Na ions leading to the
collapse of the nanotubular structure.[16b] In our experiment,
the nanotubular structures of both protonated LPH and VPH
samples were preserved due to the mildly concentrated acid
employed. After exchange with the Na+, the intercalated H+
in the protonated titanate nanotubes will be extracted from
the host layer and dissociate into the suspension, which will
lead to a pH drop. The inset of Figure 4a shows the pH variation of the suspension mixture. After the addition of NaOH
solution, the pH value of the titanate nanotube samples will
dramatically reach about 11–12 and start to decay as the H+
ions accumulate and eventually reach a steady state where
the Equation (1) reaches the equilibrium. The slow pH decay
of blank sample without titanate nanotube is due to the trace
consumption of NaOH by the uptake of atmospheric CO2.
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Figure 4. (a) Proton concentration variation during the ion exchange
with Na+ after addition of NaOH solution to aqueous suspension of
protonated titanate nanotubes. The inset is the corresponding pH
decay profile. (b) Proton exchanged amount after 60 min ion exchange
experiment.

As the plots of [H+] growth against time collapsed shown
in Figure 4, it is evident that proton concentrations of both
VPH samples increased steadily after the addition of NaOH
solution and levelled off in 25 and 35 min for VPH II and
VPH I titanate nanotubes. For LPH sample, however, no significant increase of [H+] is observed in the initiative 20 min.
The figure climbed up in a slow rate within 20–40 min before
the increase trend was slowed down at 40 min. More importantly, in terms of exchange capacity, the resultant [H+] values
after 60 min ion-exchange for VPH samples are 9.6, 8.7 ×
10−8 mol L−1, about three folds of their LPH counterparts
(2.9 × 10−8 mol L−1). These results strongly indicate that the
VPH titanate nanotubes possess dominant numbers of ion
exchange sites that are able to accommodate the cations or
protons, and provide easy access for other ions.
The size dependence of ion exchange behaviours has
been investigated (Figure 4b). Smaller (Li+, 90 pm) and larger
(Ba2+, 149 pm, close to radioactive 226Ra2+) cations with distinctively different ionic diameters were selected. The results
(Figure S11 and Figure 4b) suggest that ion exchange rate
and capacities of VPH nanotubes are largely influenced
by the size of exchange guest cations. The smaller size cations (Ba2+>Na+>Li+) will result in faster exchange rate and
larger capacities. In contrast, proton exchange within LPH
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nanotubes by different cations exhibits comparable rates
and capacities (Figure S11 and Figure 4b).[15c] This result
alludes to the fact that the exchangeable protons for LPH
samples are mainly located on the surface of the nanotubes,[16] which can be replaced by the metal cations without
intercalating into the layer structures. On the other hand,
the as-prepared VPH nanotubes possess segmentally configured nanotubular structure with improved crystallinity and
minimized lattice strain (as shown in Figure 2).[11] It allows
a well established, less-defect and stabilized lamellar matrix
for the ion exchange processes (especially for smaller metal
ions). Moreover, as the transport of the ions in the nanotubes
can occur effectively along the tubular axis,[15c] the enhanced
cross-sectional areas (effective exchange area) of the VPH
samples may provide thorough diffusion pathways to allow
efficient ion transport in and out spontaneously, leading to
optimal ion exchange rate and capacity of VPH nanotube
samples.
We have demonstrated for the first time, a VPH method
to directly grow a new form of nanotubular crystal structure onto a porous crystalline titanate precursor substrate
via a distinctive epitaxial orientated crystal growth mechanism. The confirmed multi-tunneled nanotubular structure,
having droplet shaped polygonal periphery and segmental
crystal configuration has never been reported. The formation
mechanism and crystal configuration demonstrated in this
work would have wide implications for applications of VPH
method to other metal oxide systems. The novel nanotubular
structure with superior ion exchange properties demonstrated herein can be adopted as catalyst supports, absorbent
materials for hazard/radioactive metal, component materials for lithium ion batteries, supercapacitor and hydrogen
storage.

Experimental Section
Synthesis: The porous titanate precursor was firstly fabricated onto a titanium metal plate. Typically, a titanium plate was
placed at the bottom of a Teflon lining with NaOH aqueous solution (10 mol L−1). The lining was sealed, assembled in a stainless
autoclave and kept at 150 °C for 1 h in an oven. After the reaction,
the titanium plate was removed from the solution, rinsed in highly
purified water for 3 times (50 mL each time), soaked in water for
24 h and finally dried at room temperature under vacuum over
night. The obtained porous titanate precursor was used as the
substrate to grow titanate nanotubes. A NaOH solid layer was
coated onto the surface of precursor by vertical withdrawing the
titanium plate from freshly made NaOH/alcohol solutions and
dried at 60 °C in a vacuum oven for 30 min. The external widths
of the nanotubes were readily controlled by the amount of NaOH
coating. To obtain VPH I and VPH II sample, NaOH/methanol solution (4 mol L−1) and NaOH/ethanol (2 mol L−1) solutions were
used and the resultant NaOH coating densities were 0.70 and
0.35 mg cm−2 respectively. VPH treatment of the NaOH coated titanium plate in ammonia humid atmosphere was conduct to grow
the titanate nanotubes. Typically, a Teflon holder was used to horizontally hold the titanium plate with both sides exposed above an
ammonia aqueous solution (28% wt) in a Teflon lining. The Teflon
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lining was sealed in a stainless autoclave and kept at 150 °C for
72 h in an oven. After completion, the same post treatment as
described in the first step was conduct as described in first step. A
translucent film was form on the titanium plate after it was dried.
For comparison purposes, titanate nanotubes with much smaller
widths were prepared by traditional LPH method. The titanium
metal plate was hydrothermally treated in NaOH aqueous solution
(10 mol L−1) at 150 °C followed by the same post washing and
drying procedures. To study the nanotube growth mechanism, the
titanate nanotube growth was retarded with weak alkalinity. To
do this, NaOH coating (0.018 mg cm−2) was prepared by withdrawing the precursor-grown substrate from NaOH/ethanol solution
(0.1 mol L−1) and dried.
Characterization: The morphological properties were examined
by JSM-6300 (for surface survey) and JSM-890 (for cross-sectional
observation) scanning electron microscopes. The microstructures were investigated by TEM Tecnai 20 (F20) with an accelerating voltage of 200 kV under high vacuum. To prepare the TEM
sample grid for axial cross-sectional TEM observation, nanotube
specimens were embedded in resin. Samples of nanotubes with
thicknesses of 60–70 nm were cut from sample resin blocks using
a Leica Ultracut-T ultramicrotome, and collected on pioloformcoated copper TEM grids. A FEI double tilt TEM sample holder was
employed throughout the TEM observation. X-ray diffraction (XRD)
data of prepared samples were recorded at room temperature by
Bruker X-ray diffractometer using Cu Kα radiation. Raman spectra
were examined at room temperature by a Renishaw 100 system
Raman spectrometer using 632.8 nm He-Ne laser as light source.
The scattered light was detected with a Peltier-cooled CCD detector
with a spectral resolution of 2 cm−1.
Kinetics of Ion Exchange: The protonated titanate nanotube
samples were prepared by removal of the titanate nanotube
powder from the substrate by moderate ultrasonic treatment, followed by repeated acid washing in HCl solution (0.1 mol L−1) for
3 h and water washing in water until the pH of water reached
∼5. The resultant nanotube samples were dried at 80 °C under
vacuum. The details of Na+ ion exchange experiment is described
elsewhere.[15c] Typically, protonated nanotube samples (4 mg)
were dispersed in water (10 mL) under vigorous stirring. Then
NaOH (1 mol L−1, 5 μL) or LiOH (1 mol L−1, 5 μL), or Ba(OH)2 solution (0.05 mol L−1, 50 μL) was added into the nanotube suspension. The pH variation was monitored by a glass electrode coupled
to a Maclab 400 interface (AD Instruments) at room temperature.
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1 μm

10 nm

Figure S1. (a) SEM and (b) TEM image of the porous layered titanate precursor prepared by
liquid-phase hydrothermal reaction of Ti plate at 150 °C in 10 mol L-1 NaOH solution for 1
hour.

Figure S2. The experimental procedure of VPH synthesis.
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Figure S3. XRD data of the titanate nanotubes.
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Figure S4. Raman spectra of the titanate nanotubes.
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Figure S5. TEM images of nanotubes in VPH II samples with double tunnels viewed from
specific angle.
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Figure S6. TEM images and SAED pattern and of nanotube in VPH II samples with [100]
zone axis. Two nanotubes with (a) encircled and (b) unencircled core layer structure. (c)
SAED patterns of a nanotube with the incident beam along the tube axis. (d) Schematic
representation of a part of the diffraction pattern.
The SAED patterns can be indexed to be the reflections of (0kl) plane of lepidocrocite-type
titanate crystal. The diffractions of the titanate nanotube wall crystal structure resulted in
discontinued dot pattern rather than closed ring, as highlighted by the arrows in (c). This is
due to the segmental crystal arrangement of the nanotube wall. The 020 reflection dots of i, ii,
iii and iv are corresponding to the connected 4 single-crystal-like segments. The angles
between the neighbor segments are identically 18°, in good agreement with the outline angle
measured in HRTEM image (Figure 2c). More importantly, the 011 reflection dot of
individual segment is found to be overlapped with the 0 1 1 reflection dot of neighbour
segment. This strongly supports the argument that the neighbor segments of the nanotube wall
are epitaxially interconnected by sharing the (011) crystal plane.
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Figure S7. (a).TEM image and (b) SAED pattern of nanotube in VPH I samples with [100]
zone axis.

Figure S8. Side-viewed SEM images of nanotubes in (a) VPH I and (b) VPH II samples.
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Figure S9. (a) SEM image and (b) TEM image of nanotubes in VPH II sample. Nanotubes
were found to be growing across others, as pointed out by yellow arrows. No obvious changes
in terms of diameter, shape and axial direction can be detected for the crossing nanotubes.
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Figure S10. Room temperature diffuse reflectance UV-Vis spectra of LPH, VPH I and VPH
II nanotubes.
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Figure S11. Proton concentration variation during the ion exchange with (a) Li+ and (b) Ba2+
after addition of LiOH and Ba(OH)2 solutions to aqueous suspensions of protonated titanate
nanotubes. The insets are the corresponding pH decay profile.
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