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ABSTRACT: Anatase TiO, nanobelts with 13 nm in thickness have been
successfully synthesized via an epitaxial growth chemical transformation, in which
the primary H,Ti;O, nanobelt frameworks can be preserved. The phases, crystal
structures, morphologies, and growth behavior of both the precursory (Na,Ti;O,
and H,Ti;O,) and resultant products (TiO,) are characterized by powder X-ray
diffraction (XRD), scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and selected area electron diffraction (SAED). Detailed
investigation of the formation mechanism of the TiO, nanobelts indicates epitaxial
nucleation and oriented growth of textured TiO, inside the nanobelts. TiO,
nanocrystals prefer certain epitaxial growth direction due to the structural matching
of (110)111307//(101) 150,- We demonstrated that the initial reversible capacity of
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these TiO, nanobelts attained 225 mA h/g. Furthermore, the nanobelts exhibit high power density along with excellent cycling

stability in their application as hybrid electrochemical cells.

KEYWORDS: epitaxial growth, Anatase, H,Ti;0, nanobelts, TiO, nanobelts, electrochemical performance, lithium-ion batteries

B INTRODUCTION

Titanium dioxide (TiO,) is an important class of n-type
semiconducting materials that shows interesting characteristics,
such as photocatalysis," ™* solar cell,>™® electrochemistry,” ">
biology,>™"* and gas sensors.'™'® Significantly, TiO, is of
lower cost, no toxicity, and high chemical stability in
comparison with other metal oxides such as SnO, and ZnO
that have been commonly studied. Now, inexpensive, nontoxic
stoichiometric TiO, is considered an attractive candidate as an
anode for rechargeable lithium-ion batteries (LIBs) because it is
an efficient, low-voltage intercalation host for lithium jons.”* %!
Among the TiO, polymorphs, anatase,>' ~** rutile,”* brookite,*
and bronze (TiO,—B) were applied for LIBs.*°

It is well-known that the chemical compositions, poly-
morphs, and morphologies such as crystallite sizes, shapes,
orientations, and assemblies, which are related to the
preparation methodology, would have a significant influence
on the performances of as prepared metal oxides.***” To
develop new functional materials with enhanced performance,
the rational design and preparation of nanostructured materials
has been continuously pursued. For TiO,, there has been a
growing endeavor in the synthesis and applications of
nanostructured materials. Many synthesis approaches have
been recently achieved, for example electron beam evapo-
ration,”® low-temperature oxidation,” chemical vapor deposi-
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tion,>>*" physical vapor deposition,>* dip coating,>® spin

coating,>* atmosphere pressure chemical vapor deposition and
the sol—gel method.>**¢ In addition, nanostructured TiO,
based materials (e.g, nanopa1‘ticles,3'7nanotubes,38 nanofibers,*
and nanoporous structures*’) are currently receiving much
attention because of their unique chemical, electronic and
catalytic properties. In addition, it is desirable to develop novel
methods to produce new oriented TiO,-based nanomaterials
both in large quantities and inexpensively. Uniform titania
nanotube arrays have been prepared via anodic oxidation of
titanium in a hydrofluoric (HF) electrolyte.*"** The controlled
sol—gel synthesis of titania, in particular in combination with
block copolymer templates, was also a promising method for
highly organized and oriented mesoporous titania.*** A
electrospinning technique has been applied for generating
nanofibers of anatase TiO, with controllable diameters and
porous structures.*> According to the reported literature, it was
found that the most precursors for 1D nanostructured titanate
and TiO, materials were TiO, powders or Ti(OC3H7)4.46_51 It
was also found that metal Ti could act as the precursor for
obtaining Na,TisO;, H,Ti;O, and TiO,.>* However, the exact
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growing mechanism form H,Ti;O; to TiO, in literatures was
not clarified. In addition, in our work, using metal Ti as the
precursor, it was found that different titanate (Na,Ti;O,) was
obtained, not Na,TisO,;.

Herein, we report the fabrication of unique crystalline TiO,
nanobelts by a thermal decomposition from precursory
H,Ti;0, nanobelts based on the epitaxial growth relationship
between the (110)yyr307 and (101)p0, planes. During the
formation of crystalline TiO,, the nanobelt frameworks
(skeletons) could be maintained, as was expected on the
basis of previous work involving single-crystalline TiO,
nanosheets.”®> This epitaxial growth will provide an effective
and versatile route to controlled fabrication of nanostructured
oxides with optimizable properties. The electrochemical
performance of the TiO, nanobelts as anode in Li-ion batteries

will be presented.

B EXPERIMENTAL SECTION

Synthesis of the Precursor. All of the chemicals were of
analytical grade and were used as received. Titanate nanobelts were
prepared by hydrothermal reaction of titanium powders with a NaOH
aqueous solution. In a typical experiment, about 0.4 g of titanium
powders was dispersed in 36 mL of 10 M NaOH aqueous solution.
After sonication in an ultrasonic bath for 30 min, the solution was
transferred to a SO mL Teflon lined stainless autoclave. The autoclave
was maintained at 205 °C under autogenous pressure for 24 h and
then cooled to room temperature naturally. The purpose of the
ultrasonic treatment is to make the titanium powder better dispersed
and wetted in the solution. The reaction product was washed with
distilled water until a pH value of about 7 was reached to get sodium
titanate nanobelts. The obtained sodium titanate nanobelts were
treated with a solution of 0.1 M HCI for 10h, and then rinsed with
deionized water several times until a pH value of about 7 was reached.
The washed samples were dried at 80 °C for 24 h and hydrogen
titanate nanobelts were produced.

Preparation of TiO, Nanobelts. In a typical preparation of TiO,
nanobelts, the as-synthesized H,Ti;0, precursor was converted into
pure TiO, phase by calcination. The typical heating process was
carried out in a crucible without using any inert gases for protection,
and the temperature was increased up to 500 °C at 10 °C/min, and
then maintained for 2.0 h.

Characterization. The as-prepared samples were characterized by
an X-ray diffractometer (XRD) on a Rigaku X-ray Diffractometer with
graphite monochromatized Cu—Ka radiation (1 = 1.54178 A).
Scanning electron microscopy (SEM) images were taken with a
JEOL-5600LV scanning electron microscope, using an accelerating
voltage of 20 kV. The high-resolution transmission electron micro-
scopic (HRTEM) image and selected area electron diffraction (SAED)
of the nanobelts were taken with a JEOL HRTEM (JEM2010 electron
microscope) with 200 kV accelerating voltage.

Electrochemical Performance. For the electrochemical measure-
ments, the as-prepared TiO, samples were mixed with acetylene black
and polyvinylidene fluoride (PVDF) at a weight ratio of 75:15:10 in
N-methyl-2-pyrrolidene (NMP) solution. The dried material was
coated on a copper foil and dried in a vacuum oven at 130 °C for 10 h
and was pressed and then cut into a disc of 1 cm?. The 2016 coin-type
cells were assembled in an argon filled glovebox using pure lithium as
the counter electrode, 1 M LiClO, [ethylene carbonate (EC):
dimethylcarbonate (DMC) = 1:1 in volume] as the electrolyte, and
a microporous membrane (Celguard 2400, USA) as the separator. The
cells were galvanostatically charged and discharged between 0.0 and
3.0 V versus Li*/Li at room temperature (25 °C) on a program-
controlled test system (CT2001, Land Battery Co., China).

B RESULTS AND DISCUSSION

Na,Ti;O; Precursor Nanobelts. The reaction of titanium
powders and a NaOH aqueous solution at 205 °C can yield

layered monoclinic-structured Na,Ti;0,. The X-ray diffraction
(XRD) pattern of the as-synthesized product exhibits an
intense and sharp diffraction peak at ca. 10.5° (Figure 1la),
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Figure 1. (a) XRD pattern and (b) SEM image of the as-prepared
Na,Ti;O; nanobelts.

which is assigned to the (001) reflection of monoclinic
Na,Ti;O, (P2,/m, PCPDF 31-1329), indicative of highly
oriented growth. Besides the (001) reflection, a successive
strong (300) reflection appears with a relative d-spacing of 2.98
A. And its average crystallite size calculated by the Scherrer-
equation is 15.7 nm. The morphology of the as-synthesized
Na,Ti;O, nanobelts is examined by scanning electron
microscopy (SEM). Figure 1b shows the SEM image of the
typical product grown at 205 °C for 24 h. The nanobelts have
extraordinarily smooth surfaces, and their typical size is in the
range of 20—50 nm in thickness, ~ 200 in widths, and up to 10
um in length. It is clear that the Na,Ti;O, nanobelts have a
highly oriented growth behavior and fairly high aspect ratio,
which may improve their physicochemical properties, thus
enhancing their practical applications.

H,Ti;O; Precursor Nanobelts. The as-obtained Na,Ti;O,
nanobelts were acidized with a 0.1 M HCI solution and
transformed into H,Ti;O; nanobelts with similar sizes and
morphology, as shown in Figure 2a. XRD patterns (Figure 2b)
of the products acidized for different times (2h, 4h, 6h, 8h and
10h) confirms that the complete transformation from
monoclinic Na,Ti;0, to monoclinic H,Ti;O, needs only two

JCPDS No.47-0561 H:Ti:01

ox

Intensity (a.u.)

A

Figure 2. (a, ¢, d) SEM, TEM, and HRTEM images of the as-prepared
H,Ti;0, nanobelts acidized for 10 h; (b) XRD patterns of as-obtained
products with different acidation times.
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Figure 3. (3, b) XRD patterns of the products with different calcinations’ times; (¢, d) TEM, HRTEM images and SAED pattern of the product
obtained by thermal decomposition of H,Ti;0; nanobelts at 500 °C for 0.2 h.

hours. And their average crystallite sizes calculated by the
Scherrer-equation are about 8.8 nm (2 h), 10.5 nm (4 h), and
11 nm (6—10 h), respectively. The structure and growth
behavior of the H,Ti;0; nanobelts are further investigated by
TEM and HRTEM. Figure 2c displays a microtomed cross-
section TEM image of an H,Ti;0, nanobelt, which provides a
top-view.

The relevant HRTEM image as shown in Figure 2d indicates
a highly crystalline character with a considerably distinct lattice
spacing of 0.36 nm that corresponds to the value of the (110)
planes.

Thermal Decomposition of H,TizO;. Layered hydrogen
titanate would be converted to TiO,—B, anatase (t-TiO,), or
rutile polymorph with the increasing of calcination temper-
atures.”* The crystal structural transformation from H,Ti;O, to
TiO, has been studied in details by in situ XRD in air at various
temperatures from 400 to 500 °C, which has been widely
reported as the key conversional temperature area in literatures.
As shown in Figure 3a, all the products calcined at 400 °C for
different times are mixtures of TiO,—B and anatase TiO,. And
their average crystallite sizes calculated by the Scherrer-
equation are about 12.5 nm (2 h) and 15 nm (4—10 h),
respectively. But at 500 °C, phase-pure anatase TiO, can be
obtained after 10 h aging (Figure 3b), whose average crystallite
sizes calculated by the Scherrer-equation are about 14 nm (2—6
h), 18 nm (8 h), and 20 nm (10 h), respectively. It is clear that
the H,Ti;0, nanobelts are quickly converted into anatase TiO,
nanobelts calcined at 400 or 500 °C. It is also found in the
above patterns that the XRD peaks slightly shift to right, which
implies a shrinkage process of the lattice parameters. After
thermal decomposition of H,Ti;O, nanobelts at 500 °C for 2 h,
anatase TiO, appears, which can be further identified in the
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HRTEM images ¢ and d in Figure 3. Interestingly, HRTEM
result indicates that the heterostructured nanobelt is composed
of parallel segment of monoclinic H,Ti;O, and anatase TiO,,
which reveals the epitaxial relationship, H,Ti;O, (110)
matching TiO, (101). And the SAED result containing their
diffraction points also confirms the above conclusion, as shown
in Figure 3c inset and Figure S1 in the Supporting Information.

Crystalline Anatase TiO, Nanobelts. Subsequent thermal
treatment in air was carried out at 500 °C temperatures for 2—
10 h. With increasing aging time to 10 h, highly crystalline t-
TiO, is obtained (Figure 3b). In addition, no peaks of other
phases were detected, indicating that the calcined samples are
of high purity. SEM images show retentive nanobelt
morphology characteristics of the products prepared at 500
°C for 2—10 h (Figure 4), which indicates the stability of
H,Ti;0; nanobelt frameworks. Further observation of the
nanobelts reveals that the nanobelts are much rougher, slightly
shrunken, and shorter with the thermal decomposition times
prolonging, which may be due to a recrystallization process.

Using the as-grown H,Ti;0, nanobelts as a precursor, pure t-
TiO, nanobelts could be prepared via a thermal treatment of
H,Ti;O0, in air (Figures 3b and 4e). Further structural
characterization was performed for the sample prepared at
500 °C for 10 h by HRTEM and SAED measurements (Figure
).

The SAED pattern in Figure Sa confirms the highly oriented
growth of TiO, nanobelts and crystal-like nature. The distinct
lattice stripes in HRTEM image (Figure Sb) reveals the wall of
a TiO, nanobelt is well crystallized.

Epitaxial Growth Mechanism. The formation mechanism
of TiO, is via an epitaxial growth process, which involves
dissolution—crystallization process. Titanium particle precursor
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Figure 4. SEM images of the products obtained by thermal
decomposition of H,Ti;0; nanobelts at 500 °C for different times:
(a) 2, (b) 4, (c) 6, (d) 8 and (e) 10 h.

Figure 5. SAED and HRTEM image of the as-prepared t-TiO,
nanobelt.

is initially dissolved and hydrolyzed into titanate under the
hydrothermal reaction. During the alkali hydrothermal reaction,
the titanium particle reacts with high concentration NaOH to
form sodium titanate. Subsequently, the sodium titanate is
washed with HCI to form hydrogen titanate and byproduct
sodium chloride. The Na* cations distributing in the
interspacing of the octahedral titanium complexes can be
substituted with H* cations by ion exchange when sodium
titanate is immersed in HCI for a sufficient time, as reported in
the literature.®® Anatase titania then is obtained under
dehydration process at 500 °C. The entire chemical process
that takes place is as follows:

3Ti + 2NaOH + 30, — Na,Ti,0, + H,0 1)
Na,Ti,0, + 2HCl = H,Ti,0, + 2NaCl @)
H,Ti,0, — 3TiO, + H,0 3)

Thus, upon oxidation of titanium particles using NaOH and
adequate acid washing (by ion exchange), metal Ti is conversed
to form “Ti—O frame work”—titanate and anatase titania. It is
noted that the titanate and anatase titania have a common
structural features, with crystal lattices consisting of the
octahedra sharing four edges and the zigzag chain-like
structure.”® These chains are joined together by sharing edges
to form layers and protons or Na' ions can be incorporated
between the layers. The distance between the layers is variable,
which resulted in the high flexibility of these high aspect ratio
nanostructures. In the reaction with the acid, the zigzag
chainlike structural units of TiO, nanobelts remain relatively
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unchanged other than lattice rotation and rearrangement of the
[TiO4] octahedra to form anatase lattice.’® Thus, it is
postulated that anatase titania phase formed on the basis of
the parent titanate nanostructures. It is interesting to note that
the produced titania and hydrogen titanate nanostructures
retain essentially the similar morphologies and interplanar
crystal spacings (0.35 and 0.36 nm) made of same angles with
the nanobelt’s axial lead, as shown in Figure 3d. In the figure
the spacings between the parallel fringes are correspond to the
(101) and (110) lattice planes of TiO, and H,Ti;0,,
respectively. Thus, the TiO,/H,Ti;O, nanobelts are deter-
mined as epitaxial growth with the relationship of
(110)m1307//(101) 130, - This interesting nanomaterial that
single nanobelt is composed of parallel segment of TiO, and
H,Ti;0, has not been found in previous literatures. The
possible lattice matching relationship has been illustrated in the
following Scheme 1. This observation confirms that the

Scheme 1. Schematic Diagram of the Lattice Matching
Relationship between Titania and Hydrogen Titanate Phase
in the Epitaxial Growth Process
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hydrogen titanate structural host motifs are easily intercalated
with H" with slight lattice rotation and rearrangement of crystal
structures without modifying its final morphology. The above
detailed structural measurements and analysis have proved the
epitaxial growth mechanism adequately.

Anatase TiO, Nanobelts’ Electrochemical Perform-
ance. In this work, the feasibility of TiO, nanobelts for use in
lithium electrochemical insertion has also been explored. As
shown in Figure 6a, the first discharge capacities of the products
calcined at 500 °C for different times (2—10 h) are 193, 200,
211, 216, and 225 mA h/g at a current density of 30 mA/g,
respectively. It is obvious that pure t-TiO, has bigger discharge
capacity than other nanobelts containing H,Ti;O, or TiO,—B.
After 50 cycles, the discharge capacity of the as-synthesized
pure TiO, nanobelts by thermal decomposition of H,Ti O,
nanobelts at 500 °C for 10 h is still over 210 mA h/g, as shown
in Figure 6b. During the first discharge (Li insertion), a total
capacity of 225 mA h/g is achieved at the end of the first
discharge with a final reversible capacity of 210 mAh/g, leading
to an irreversible capacity of 15 mA h/g. In Figure 6a, the
potential of discharge curve rapidly drops to a well-defined
plateau at 1.7 V associated with the intercalation of Li* through
two phase equilibrium of a Li-poor (tetragonal) and a Li-rich
(orthorhombic) phase. The main reason for the capacity drop
during the first discharge/charge cycles is that a small part of
the insertion/extraction of Li* into/from TiO, nanotubes is
irreversible, which should be related to the size, morphology,
crystallinity of the as-synthesized samples. The loss of capacity
may also be due to the formation of a thin surface film at the
electrode surface and irreversible reaction of Li* with traces of

dx.doi.org/10.1021/am302366h | ACS Appl. Mater. Interfaces 2013, 5, 368—373
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Figure 6. (a) First potential—capacity profiles at the charge/discharge current density of 30 mA/g of the nanobelt products obtained by thermal
decomposition of H,Ti;O, nanobelts at 500 °C for different times (2, 4, 6, 8, and 10 h); (b) cycle life of the as-synthesized pure TiO, nanobelts by

thermal decomposition of H,Ti;O, nanobelts at 500 °C for 10 h.

water.>” The Li-ion insertion/extraction reaction in TiO,
nanotube electrodes can be written as

xLi* + xe” + TiO, < Li,TiO, (4)
The insertion coefficient, x, in anatase is usually close to 0.5.%8
The first lithium insertion max capacity of products calcined at
500 °C is observed to be 225 mA h/g, corresponding to the
lithium insertion coeflicient of 0.67. The larger capacity
obtained may be ascribed to a shorter diffusion length for
both the electron and Li* and a larger electrode/electrolyte
contact area of TiO, nanobelts compared with traditional
materials, which facilitate the lithium ions’ insertion and
extraction. Further investigation of its capacities at the different
charge/discharge current density (30 mA/g to 240 mA/g)
indicated that their capacities reduced quickly, even down to
several mA h/g, as shown in Figure S2 in the Supporting
Information.

B CONCLUSIONS

In conclusion, we report an epitaxial growth transformation
route to anatase TiO, nanobelts with highly textured nanowalls
from smooth H,Ti;O, nanobelts. The epitaxial growth
conversation is based on the structural matching of
(110)1211307//(101) 130, - During the chemical and structural
change from H,Ti;0, to TiO,, the nanobelt morphology can
be preserved. The epitaxial growth provides a rational and
effective approach to prepare highly organized 1D nanomateri-
als. The result of galvanostatic cycling measurement in the
voltage range of 0.0—3.0 V versus Li*/Li at 30 mA/g give
reversible capacities of 210 mA h/g for the pure TiO, nanobelts
calcined at 500 °C, which shows high capacitance and stable
reversibility, indicative of microstructure optimized perform-
ance.

B ASSOCIATED CONTENT

© Supporting Information

Enlarged SAED analysis determining the epitaxial relationship
between TiO, (TO) and H,Ti;O, (HTO); the capacities at the
different charge/discharge current density (30 mA/g to 240
mA/g) of the as-synthesized pure TiO, nanobelts by thermal
decomposition of H,Ti;O, nanobelts at 500 °C for 10 h. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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