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Nanostructured Sheets of Ti–O Nanobelts for Gas Sensing and
Antibacterial Applications**
By Yanmin Wang, Guojun Du, Hong Liu,* Duo Liu, Shubin Qin, Na Wang, Chenguo Hu, Xutang Tao, Jun Jiao,
Jiyang Wang, and Zhong Lin Wang*

Three types of Ti–O-compound-based nanobelts (Na2Ti3O7, H2Ti3O7, TiO2) are prepared from commercial TiO2 powders via an
alkaline hydrothermal process. Nanostructured sheets based on the as-synthesized nanobelts are prepared using a paper-making
process. The nanobelts are connected with hydrogen bonds or/and bridge oxygen atoms and packed together, forming a paperlike
porous network structure, with an average pore size of 500 nm. The electrical properties and gas sensing of the nanostructured
sheets are demonstrated to display sensitivity down to sub-ppb levels. H2Ti3O7 nanobelts decorated with Ag nanoparticles have
also been applied as an antibacterial agent.

1. Introduction
Since the discovery of semiconducting oxide nanobelts in
2001,[1] planar nanobelt structures have been intensively
studied because they represent a good system for examining
dimensionally confined and structurally well-defined physical
and chemical phenomena.[1,2] Recently, many ultrasensitive
devices, such as field-effect transistors,[3–5] optoelectronic
devices,[6] gas sensors,[7,8] and biosensors,[9,10] have been
fabricated using single nanobelts or nanobelt arrays. Although
the electrical responses of single-nanobelt devices are
extremely sensitive to their environment, local contacts and
size variation of individual nanobelts lead to significant
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differences in their intrinsic electrical properties. As a result,
it becomes difficult to construct devices that are well calibrated
and stable enough for practical applications.
TiO2 is a multifunctional material with remarkable
chemical, electronic, and optical properties. TiO2 membranes
have been extensively studied because of their potential for
application as antireflective and protective coatings for optical
elements,[11] waveguides[12] or filters,[13] photocatalysts, dielectrics in thin-film capacitors,[14] and solar cells.[15] Such
membranes have also been used as sensors for humidity or
gases, including O2,[16] CO,[17] H2S,[18] NOx,[19] H2,[20]
alcohol,[21] and ammonia.[22] The sensitivity of the membranes
has been studied by altering their electrical properties.
Various techniques have previously been employed for
deposition of thin TiO2 films, such as sol–gel, atmosphericpressure metal organic chemical vapor deposition,[23] and
pulsed laser deposition (PLD).[24] In a study by Tian and
co-workers, catalytic TiO2-based long nanowire membranes
were prepared by casting the nanowires on macroscopic
templates and/or molds.[25] These methods may, however,
necessitate use of appropriate substrates, complex techniques,
expensive equipment, or high-temperature treatment. Titanium oxide can also form many different 3D crystalline
polymorphs and 2D layered structures,[26] each possessing
special physical properties and commercial applications in
pigment, photocatalysis, electronics, electrochemical and
ceramic industries.[27]
In this study, Ti–O-compound-based nanobelts (sodium
titanate, hydrogen titanate, and anatase titania) were prepared
via an alkaline hydrothermal process by using commercial
anatase TiO2 powder as precursor. This synthesis route
achieves high-yield production of Ti–O compound nanobelts
(1 g nanobelts in one batch). The quality of the nanobelts is
comparable to those synthesized using other methods. The
production process is reliable and can be easily scaled-up. The
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as-synthesized nanobelts are characterized by X-ray diffraction
(XRD), transmission electron microscopy (TEM), scanning
electron microscopy (SEM), and electron diffraction measurements. Characterization indicates that the nanobelts possess
typical widths of 50 to 200 nm, thicknesses of 20 to 50 nm,
and are up to a few millimeters in length. Based on the assynthesized nanobelts, we present a simple synthesis route for
fabricating paperlike nanostructured sheets. The nanobelts are
packed together to form a porous network structure through a
paper-making process. The average pore size of the nanostructured sheets is approximately 500 nm. The transport properties
of the sheets were measured, and their sensitivity to O2 was
investigated. A hydrogen titanate nanobelt sheet was modified
by attaching silver nanoparticles, and its antibacterial effect
was demonstrated.

2. Results and Discussion
2.1. Characterization of the As-Made Nanobelts

Figure 1. XRD patterns of the as-synthesized Na2Ti3O7, H2Ti3O7, TiO2
nanobelts.

be detected by EDS. The TiO2 nanobelts consist of only
titanium and oxygen (data not shown).
Figure 2a shows a typical TEM image of the as-prepared
TiO2 nanobelts, which show that the nanobelts have typical
widths of 50 to 200 nm. The TEM image of a single nanobelt is
given in Figure 2b and the inset shows its selected-area electron
diffraction (SAED) pattern, revealing that the growth front
of the TiO2 nanobelt is (001). Figure 2c is a typical lowmagnification SEM image of the TiO2 nanobelts, which can
reach lengths of up to a few millimeters. Energy dispersive
X-ray spectroscopy (EDS) analysis (inset of Fig. 2c) reveals
that the nanobelts are composed of Ti and O with an atomic

The crystal phases of the as-synthesized nanobelts were
determined by XRD, as shown in Figure 1. A thorough search
of structural databases revealed that the sodium titanate
profile, which was obtained from commercial anatase TiO2
powders treated with an alkaline hydrothermal process at
180 8C for 48 h, can be indexed as a Na2Ti3O7 monoclinic
structure (P21/m(No.11), Joint Committee on Powder Diffraction Standards (JCPDS) file number 72-0148), with lattice
constants
a ¼ 8.571Å,
b ¼ 3.804Å,
c ¼ 9.135Å, and b ¼ 101.578. The peaks of
hydrogen titanate sample, which was
obtained by immersing Na2Ti3O7 nanobelts
in 0.1 M HCl aqueous solution for 24 h, can be
indexed as the pure monoclinic phase (C2/
m(No.12), JCPDS file number 47-0561) of
H2Ti3O7, with lattice constants a ¼ 16.023Å,
b ¼ 3.749Å, c ¼ 9.191Å, and b ¼ 101.458. The
peaks of the TiO2 sample, which was
obtained from H2Ti3O7 nanobelts annealed
at 500 8C for 60 min, can be indexed as a pure
tetragonal phase (I41/amd (No.141), JCPDS
file number 73-1764) of TiO2, with lattice
constants a ¼ 3.766Å and c ¼ 9.486Å.
The morphology of the as-synthesized
products was observed by using TEM and
SEM. The morphology of the Na2Ti3O7 and
H2Ti3O7 nanobelts is similar to that of the
TiO2 nanobelts in length, width, and thickness, although the TiO2 nanobelts are slightly
shorter. Energy-dispersive X-ray spectroscopy (EDS) measurements on the samples
show that the elements in Na2Ti3O7 nano- Figure 2. a) A typical TEM image of the TiO2 nanobelts. b) A single nanobelt and its
belts are sodium, titanium, and oxygen; the corresponding SAED pattern. c) SEM image of TiO2 nanobelts. The inset in (c) is an energy
dispersive X-ray (EDS) spectrum revealing the only presence of Ti, and O (the Si comes from the
elements detected in H2Ti3O7 are titanium substrate). d) High-magnification SEM image revealing the width of nanobelts. The inset in (d) is a
and oxygen only, because hydrogen cannot typical fractured cross-section of a nanobelt.
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ratio close to 1:2. The element of Si present in the spectrum
comes from the Si substrate. The high-magnification SEM
image of TiO2 nanobelts (Fig. 2d), shows that the nanobelts
have typical widths of 50 to 200 nm and thicknesses of 20 to
50 nm, which is in good agreement with the TEM observation.
The inset in Fig. 2d shows a cross-section of a nanobelt.

2.2. The Chemical Process for the Formation of Nanobelts
As mentioned above, TiO2 nanobelts were converted from
H2Ti3O7 nanobelts, and H2Ti3O7 nanobelts were transformed
from Na2Ti3O7 nanobelts. Therefore, all of the beltlike nanostructures originated from the same alkaline-hydrothermal
process. The formation mechanism of the Na2Ti3O7 nanobelts
is similar to that of Na2Ti3O7 nanotubes synthesized through
an alkaline-hydrothermal process, in that it is a dissolution–
crystallization process.

3TiO2 þ 2NaOH ! Na2 Ti3 O7 þ H2 O
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with the layer beneath and peel off from the plate. This is the
reason for Na2Ti3O7 nanotubes formation at lower synthesis
temperatures. However, in our experiment, the autoclaving
temperature is much higher (180 8C), which leads to a higher
growth rate of nanosheets, resulting in long nanobelts. It may
require larger strain energy, but there is not enough strain
energy for the surface layer to overcome the coupling with the
underlying layer, which may be why no Na2Ti3O7 nanotubes
appear in our experiment. The morphologies of obtained
nanostructures that depend on their process parameters have
been reported previously.[30]
Na2Ti3O7 and H2Ti3O7 are closely related structures. The
crystal structure of Na2Ti3O7 was determined in 1961[31] and
refined in 2003[32] by Andersson and Wadsley. Na2Ti3O7 is a
layered structure composed of [TiO6] octahedra with shared
edges and vertices. The Naþ cations are located between the
[TiO6] layers. If Na2Ti3O7 is soaked and washed with a diluted
acid solution, Naþ ions can be replaced by H3Oþ ions to form
H2Ti3O7.[33]

(1)
Na2 Ti3 O7 þ 2HCl ! H2 Ti3 O7 þ 2NaCl

(2)

The crystalline structure (anatase) of the precursor TiO2 can
be described with representative TiO6 octahedra, which share
Therefore, H2Ti3O7 nanobelts can be obtained from Na2Ti3
vertices and edges to build up the three-dimensional frameO7 nanobelts by ion exchange.
work. During the alkali-hydrothermal process, some of the
Anatase TiO2 can be obtained by heat-treatment of
Ti–O–Ti bonds of the raw materials are broken and form a
H2Ti3O7 at 500 8C for 1 h through a process of dehydration
six-coordinated monomer: [Ti(OH)6]2,[28] which can form
and crystal-lattice rearrangement.
polynuclear complexes by olation or oxolation, depending on
H2 Ti3 O7 ! 3TiO2 þ H2 O
(3)
the concentration of the solution. Under the hydrothermal
process, the solution is in a saturated state and the [Ti(OH)6]2
is unstable and tends to combine via
oxolation or olation, forming original nuclei. As these nuclei grow
and exceed the critical nuclei size,
they become stable. Small, thin
nanosheets can form when growth
continues further. The nanosheets
are composed of layered unit cells.
The growth rate of the nanosheets is
anisotropic in the different crystallographic directions, with the growth
rate along b-axis being the fastest,
followed by the c- and then the
a-axis, which leads to the formation
of quasi-1D Na2Ti3O7 nanobelts.
The formation mechanism of
Na2Ti3O7 nanotubes has been
reported previously.[29] Hydrogen
deficiencies on the surface of the
nanosheets introduce surface tension that has a tendency for the surface layer to bend. When the surface
hydrogen loss exceeds a critical
value, the surface strain energy
Figure 3. a) Schematic sketch of the nanobelt-paper-making process. b) A photograph of a typical nanobelt
becomes so large that the surface paper. c) A low-magnification SEM image of the nanobelt paper. d) A high-magnification image of a small
layer can overcome the coupling area in (c).
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The detailed mechanism of release of the water and
rearrangement of the atoms in the crystal is not available.
However, anatase preserves the structure of H2Ti3O7 nanobelts. Lattice distortion, which may be accommodated by
rotation and rearrangement of the [TiO6] octahedra, occurs
during the conversion process from H2Ti3O7 to anatase, giving
rise to their distinctly different crystal structures.

2.3. Nanostructured Sheets
The nanobelt-based nanostructured sheet was fabricated by
a conventional paper-making process. A schematic diagram of
this process is shown in Figure 3a. The process can be briefly
described as follows: 1) A nanobelt suspension (i.e. pulp) is
prepared by dispersing the as-made nanobelts in water. 2) The
pulp is filtered through a sub-microporous filter paper surface
and a vacuum filter, to produce a sheet of paper. 3) The asformed paper is placed on an electric calender or super
calender, and pressure is applied to the calender to develop
smoothness and gloss on the surface of the paper. 4) Remove
the paper from the calendar. The resulting piece of white paper
is flexible and consists of Ti–O compound nanobelts. During
the process of paper making, no chemical agents, such as
dispersing or reinforcing agents, were used.
The mechanism of nanostructured sheet formation is similar
to that of papermaking from wood fibers.[34] The surfaces of
the H2Ti3O7, Na2Ti3O7, and TiO2 nanobelts are covered with
hydroxyl ions in the water suspension or pulp. Hydrogen bonds
are formed between adjacent hydroxyl groups until ultimately,
all of the nanobelts are connected with hydrogen bonds or
bridge-oxygen-atoms, and then three-dimensional nanostructured sheet is obtained.
Figure 3b shows an optical photograph of the dried paper
and its diameter is about 4.5 cm. We can make paper of
different sizes according to need. The thickness of the paper is
determined by the concentration and volume of the nanobelt
suspension. Figure 3c and d show SEM images of the nanostructured sheet. The nanobelts were packed together to form
a porous network, with pore sizes of about 500 nm, which is
smaller than the size of most bacteria. It is possible that TiO2
nanobelt sheets could be used as self-cleaning filters for various
biological and medical applications.

Figure 4. a) Current–voltage (I–V) characteristic of the as-prepared
membrane, showing the constant resistivity, b) a schematic sketch, and
c) a photograph of the nanostructured sheet device.

r ¼ RS/L, where r is electrical resistivity, R is the electrical
resistance, S is the cross-sectional area, and L is the length. The
electrical resistivities of the Na2Ti3O7, H2Ti3O7, and TiO2
papers are 3.9  106, 7.3  106, and 1.4  107 V  cm, respectively. Figure 4b and c show a schematic and an actual
photograph of the nanostructured-sheet device. The detectable
conductive behavior of the nanostructured sheet presented
here suggests its potential application in sensors.
2.5. TiO2 Nanostructured Sheets as Gas Sensors

2.4. Electrical Transport Properties of the
Nanostructured Sheets
In order to study the electrical transport properties of the
nanostructured sheets, electrodes were fabricated to connect
the Na2Ti3O7, H2Ti3O7, and TiO2 nanostructured sheets. A
nanostructured sheet of 50–100 mm thickness was cut into a
rectangle 2 mm in length and 5 mm in width. The current–
voltage measurement system for the nanostructured sheet was
prepared by coating with a pair of silver paste electrodes. I–V
measurements revealed Ohmic behavior (Fig. 4a). The electrical resistivity can be calculated from the formulation:
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The TiO2 nanobelt nanostructured sheet, which has a large
surface area and a high surface-to-volume ratio, is promising
for the development of ultrasensitive, stable gas sensors that
can be calibrated precisely. Towards this end, we carried out
gas sensitivity tests on an anatase TiO2 nanostructured sheet
sensor device at room temperature. The measurements were
performed by placing the sensors in an airtight quartz glass
tube with a volume of 200 ml. The sensor’s resistance was
measured by an external multimeter, and O2 was selected
as the environmental gas. The gas sensitivity S is defined as
S ¼ 100jGO–GNjj/GN, where GN is the initial conductivity of
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Figure 6b gives a typical
low-magnification
SEM
image of Ag modified hydrogen titanate nanobelts and
the inset is the corresponding EDS spectrum, revealing
the presence of Ti, O, Ag
and Si (Si comes from the
3-Aminopropyl triethoxysilane). Figure 6c gives a highFigure 5. The gas sensitivity measurement of the TiO2 nanostructured sheet. The resistance–concentration curve
(a) and gas sensitivity curve (b) of TiO2 sheet at room temperature; c) sensor response to O2 at different magnification image of a
single nanobelt, which shows
concentrations.
that Ag particles attach to
the nanobelts.
the sensor in inert gas N2 and GO is the conductivity when it is
The antibacterial properties of Ag-H2Ti3O7 nanobelt sheets
exposed to the testing gas.[35] The resistance and gas sensitivity
were investigated by inhibition testing. Nutrient agar was poured
both increased linearly when the device was exposed to O2
into disposable sterilized Petri dishes and allowed to solidify.
(Fig. 5).
200 mL of Escherichia coli bacterial water (104 CFU/mL) was
TiO2 is an n-type semiconductor. The concentration of the
streaked uniformly over each plate. Square pieces (1cm  1cm)
oxygen vacancies in the nanobelt is influenced by the oxygen
of Ag- H2Ti3O7 sheet, H2Ti3O7 sheet, and conventional
printing paper were gently placed on the solidified agar gel in
partial pressure in the environment. A decreasing concentraseparate Petri dishes. Then, the plates were incubated at 37 8C
tion of oxygen vacancies can lead to a higher resistance due to
for 24 h. The results are shown in Figure 7. An obvious zone of
the decreasing carrier density, which is a result of electron
inhibition appeared around the Ag-H2Ti3O7 sheet and there
capture by the invading oxygen.
was no growth below the Ag-H2Ti3O7 sheet (Fig. 7a, b), while
Responses measured over a wide range of O2 concentrations
at room temperature are shown in Figure 5c. It can be seen that TiO2 nanobelts
show improved response to O2, which may
be attributable to the higher density of
surface sites available for gas adsorption
because of the high surface and volume
ratio of the nanobelts.

2.6. Ag-Modified Hydrogen Titanate
Nanobelts for Antibacterial
Applications
The surface hydroxyl groups of the
as-synthesized nanobelts can act as active
sites for possible surface modification
through condensation reactions. In our work,
Ag-modified hydrogen titanate nanobelt
sheets were prepared. A schematic of the
process is shown in Figure 6a and is briefly
described as follows. The silver nanoparticles were first prepared according to the
procedure described in the literature.[36]
The nanoparticles were capped by
3-aminopropyl triethoxysilane through
coordination between silver ions and
amino groups. Then, the modified silver
nanoparticles were dispersed on the
surfaces of the hydrogen titanate nanobelts through hydroxyl groups and ethoxy
groups, forming Ag-H2Ti3O7 nanobelts.

Adv. Funct. Mater. 2008, 18, 1–7

Figure 6. a) Schematic sketches of the process of Ag-H2Ti3O7 nanobelt nanostructured sheet. b) A
typical low-magnification SEM image of Ag modified hydrogen titanate nanobelts and the corresponding EDS spectrum, revealing the presence of Ti, O, Ag and Si (Si comes from the 3-Aminopropyl
triethoxysilane). c) A high-magnification image of the nanobelt structure, which shows that Ag
particles attach on the nanobelt surface.
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and a higher surface-to-volume ratio. The
nanostructured sheets are favorable for
absorption and photodegradation of various
pollutants, and can be used as filter membranes for water or air purification. It is
expected that these sheets will have a broad
range of applications in photocatalytic field.
Compared to organic or wood fiber filters,
the Ti–O-compound-based nanostructured
filter is suitable for applications in different
solvents and over a broad temperature
range. Besides inorganic nanoparticles,
the nanobelts can be functionalized by
various organic groups, molecules, proteins,
enzymes, antigens, and even microbes to
prepare nanobelt-based biosensors, the
hydroxyl groups on the surface of the
nanobelts being key for such modifications.
Specially designed macromolecules that are
sensitive to specific molecules or bio-targets
can be connected to the nanobelts. Therefore, nanobelt sheets are a great candidate
for fabricating foldable and flexible electronic and optoelectronic devices, and gas
sensors.

Figure 7. The results of inhibition testing. a) The result from the Ag-H2Ti3O7 nanostructured
sheet. b) Enlargement of (a). c,d) Results from H2Ti3O7 nanostructured sheets and conventional
printing paper, respectively.

growth was seen in the case of the H2Ti3O7 sheet (Fig. 7c) and
the regular printing paper (Fig. 7d). This experiment clearly
shows the antibacterial properties of the Ag-H2Ti3O7 nanobelt
sheet. The mechanism of the antibacterial effect of silver
nanoparticles has been reported in the literature.[37] Therefore,
such a silver-modified porous H2Ti3O7 nanostructured sheet
could be used in building a disinfection device for filtering
water or air.

3. Conclusions
In this study, Ti–O compounds based nanobelts were
prepared via an alkaline hydrothermal process from commercial TiO2 powders. This production process is reliable and can
be easily scaled up. A conventional paper making process was
applied to fabricate nanostructured sheets from the
as-synthesized nanobelts. The transport properties of the
nanostructured sheets were measured. The gas sensing of TiO2
nanobelt sheet was investigated. Furthermore, the antibacterial properties of Ag-H2Ti3O7 nanobelt sheets (fabricated by
decorating the nanobelts with Ag nanoparticles) were
demonstrated.
Compared to conventional TiO2 thin films, Ti–O-compound
nanobelt sheets possess higher activity, a larger surface area,
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4. Experimental

Titanate nanobelts were synthesized by the
hydrothermal process in concentrated NaOH
aqueous solution. A commercial anatase TiO2
powder was used as the precursor, and a typical process is as follows:
0.1 g precursor was mixed with 20 mL of 10 mol/L NaOH aqueous
solution, followed by hydrothermal treatment at 200 8C in a
Teflon-lined autoclave for 48 h. The treated powders were washed
thoroughly with deionized water followed by a filtration and drying
process. The sodium titanate nanobelts were then obtained. These
were dipped in 0.1 mol/L HCl aqueous solution for 24 h and then
washed thoroughly with water to give hydrogen titanate nanobelts. By
annealing the hydrogen titanate at 500 8C for 1 h, anatase TiO2
nanobelts were obtained.
The nanobelt-based sheets were fabricated by a conventional
paper-making process: 0.1 g nanobelts was dispersed in 1L distilled
water under magnetic stirring, followed by filtering the resultant pulp
on a sub-microporous filter paper surface through a vacuum filter. A
sheet of wet paper was obtained and then placed on an electric calender
at 80 8C for 2 h to dry.
Field-emission scanning electron microscopy (LEO 1530) was used
to characterize the morphology and size of the synthesized samples. A
Philips X-ray diffractometer was used to investigate the chemical
composition via energy-dispersive X-ray spectroscopy (EDS). The I–V
curves were recorded by the Keithley 4200-SCS. The gas-sensitivity
experiment was investigated using home made equipment. A
Bio-chemical incubator (SHP-150) was used to incubate the E. coli
bacteria. All experiments were performed at room temperature.
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