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Abstract
One-dimensional titanate and titania nanostructures are prepared by hydrothermal method
from titania nanoparticles precursor via hydrolysis and ion exchange processes. The formation
mechanism and the reaction process of the nanobelts are elucidated. The effects of the NaOH
concentration, HCl leaching duration and the calcination temperature on the morphology and
chemical composition of the produced nanobelts are investigated. Na+ ions of the titanate
nanobelts can be effectively removed by longer acid leaching and neutralization process and
transformed into metastable hydrogen titanate compound. A hybrid hydrogen titanate and
anatase titania nanobelts can be obtained under dehydration process of 500 ◦C. The nanobelts
are produced in gram quantities and easily made into nanostructure paper for the bulk study on
their electrical and sensing properties. The sensing properties of the nanobelts sheet are tested
and exhibited response to H2 gas.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

There is a great interest in the development of titanates and
titania-based solids with nanoscale dimensions and specific
morphology such as nanoparticles, nanowires/nanorods and
nanotubes depending on the applications. These high-surface-
to-volume titanate and titania nanostructures have many
promising photoelectrical [1, 2], biomedical [3] and storage
properties [4–7]. Titanates are well-known functional ceramic
materials with dielectric, piezoelectric, ferroelectric and low
absorption of infrared radiation properties [8] while titania is
often used as pigments, photocatalysts for degrading organic
pollutants under ultraviolet irradiation [9, 10], photoactive
materials for solar cell [11, 12], gas sensing [13] and Li ion
battery materials [14, 15]. As a result of the wide range of
valuable functional properties associated with these materials,
it is important to develop simple and inexpensive strategies for
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large-scale synthesis which can control the morphology and
chemical composition of titanate and titania nanostructures.

Titanate and titania nanostructures have been prepared
and investigated by several groups [8, 16, 17]. The chemical
and physical properties of titanates and titania nanostructures
depend on the method of preparation as well as precursor and
reaction parameters used Peng et al have synthesized titania
nanotubes using anatase TiO2 particles by the hydrolysis of
titanium tetrabutoxide in butyl alcohol solution [16]. The
bundle-like structure of titania nanotubes was synthesized with
anatase TiO2 particles mixed with NaOH aqueous solution
in an autoclave vessel maintained at 210 ◦C for 24 h. The
precipitate after hydrothermal treatment was washed with
deionized (DI) water, dried under vacuum for 10 h and
calcined at 500 ◦C for 1 h to produce titania nanotubes.
Similarly, solution-based synthetic method based on TiO2

nanoparticles and NaOH was employed to produce a large
scale of ribbon-like titanates [17]. The resulting suspension
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Figure 1. SEM images nanobelts synthesized with various NaOH concentrations of (a)–(b) 5M, (c)–(d) 10M and (e)–(f ) 15M.

of TiO2 nanoparticles in NaOH was heated at 160–180 ◦C for
48 h. The resulting white precipitate was filtered, washed and
dried in vacuum at 60 ◦C for 3 h to produce sodium titanates
(Na2Ti3O7) nanobelts. Another way to produce titanate
nanowires is prepared via a hydrothermal reaction between an
inorganic titanium salt, TiOSO.

4H2O and concentrated NaOH
solution [8]. The hydrolysis was carried out at 200 ◦C for
48 h to yield titanate precipitates. All these methods produce
sodium titanate nanostructures since high temperature heat
treatment is not carried out to transform the titanates into TiO2

polymorphs (anatase and rutile phase) [8, 17].
Though to date many synthesis methods for preparing

titania and titanate nanostructures have been reported, very
little literature has revealed the control of alkali hydrolysis
and acid ion exchange concentration and duration to produce
hybrid titanate and titania nanobelts in a large-scale quantity
for gas sensing applications. In this study, titania and
titanate nanobelts are synthesized from TiO2 powder based
on hydrolysis and ion exchange of NaOH base and HCl acid,
respectively. The effects of the NaOH concentration, HCl
acid washing duration and the calcination temperature on
the morphology and chemical composition of the produced
nanobelts are investigated. In addition, the formation
mechanism and the reaction process of the nanobelts are

elucidated. The nanobelts are produced in gram quantities
and easily made into nanostructured paper sheet for the study
of electrical and sensing properties. It is noted that successful
synthesis of titanate and titania nanobelts in a large scale will
open up the possibilities of rational study and applications of
the physical and chemical properties of Ti–O nanomaterial
systems in bulk quantities.

2. Experimental section

0.1 g titanium (IV) oxide was added to 20 ml of 10M NaOH
aqueous solution and mixed well. The solution was then heated
to 200 ◦C in a Teflon-lined autoclave for 2 days. The cooled
product was washed thoroughly. This was done by adding
DI water to the sample, centrifuging and then decanting the
liquid several times. The white precipitate was then left to dry
before immersing in 10 ml of 0.1M aqueous solution of HCl
for different durations of 24 up to 72 h. The product was then
washed thoroughly and annealed at various temperatures of
250 and 500 ◦C in a ceramic crucible for 1 h.

0.04 g of the as-synthesized nanobelts was dispersed in
200 ml of DI water to make into nanobelts sheet. The
thickness of the nanostructures sheet can be tuned according
to the amount of nanostructures used. The nanostructures
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Figure 2. SEM images HCl ion exchange treated nanobelts for (a)–(b) 24 h and (c)–(d) 72 h.

suspension was stirred vigorously before vacuum-filtered
through a filter paper. After the filtering was completed, a
sheet of nanostructures was formed by sandwiching between
a metal calender which was pressed and heated at 80 ◦C for
approximately 2 h.

The scanning electron microscopy (SEM) characterization
was carried out using a Philips XL30 FEG SEM with an
accelerating voltage of 10 kV and attached Oxford Instrument
energy dispersive x-ray (EDX). Carbon tape was used to adhere
the sample which contributed to the carbon element being
detected in the EDX spectra. The x-ray diffraction (XRD)
characterization was done using a Philip x-ray diffractometer
equipped with a graphite monochromator Cu Kα radiation,
with λ wavelength of 1.541 Å at a scan rate of 0.02◦ min−1.
Fourier transform infrared spectroscopy (FTIR) measurements
were carried out using Perkins Elmer spectrum 2000. The
transmission electron microscopy (TEM) measurements were
obtained using a JEOL-2100 with an accelerating voltage of
300 kV. I–V measurements were obtained using a Keithley
Semiconductor Characterization System 4200-SCS, with a
sweep voltage from −3 to 3 V and a compliance current of
0.1 A. The hydrogen-sensing measurements were obtained
using a Keithley Semiconductor Characterization System
4200-SCS with a bias of 1 V with alternate dry air and H2

cycling.

3. Results and discussion

Hydrolysis and ion exchange of commercial TiO2 nano-
particles for growth of one-dimensional titanate and titania
nanostructures are highly dependent on the concentration of
the base (NaOH), duration of acid (HCl) washing as well
as the calcination temperature employed. The effect of the

alkali hydrolysis is investigated with various concentration
of NaOH. At concentration of 5M, the as-produced
nanostructures are observed to be similar to the starting
material, TiO2 nanoparticles (figures 1(a)–(b)). The produced
nanoparticles retain their morphology and geometry with
an average diameter of ∼ 100 nm. However, at a higher
concentration of 10M, the nanostructures have distinctive belt-
like morphologies as shown in figures 1(c)–(d). It is observed
that only a small number of unreacted nanoparticles are present
amongst the one-dimensional nanostructures. Typical widths
of the one-dimensional nanostructures span from 50 nm to
1 µm and the thicknesses are within the range 20 to 300 nm.
The lengths of the nanobelts are greater than 3 µm though
longer lengths of up to 20 µm are also observed. At even
higher concentration of 15M, a mixture of nanobelts and highly
agglomerated networks of two-dimensional thin nanosheets
are produced (figures 1(e)–(f )). The nanobelts produced
are shorter (2–5 µm) and sparsely distributed amongst the
nanosheets. It has been known that the nanosheet is an unstable
structure due to its high surface-to-volume ratio or high energy
system. At specific reaction condition, there are two plausible
ways in which the reconstruction of the nanosheets may occur
transforming either the nanosheets into nanotube structures by
folding up or nanobelts by epitaxial growth [16]. In our case,
we observed that the nanobelts amongst the nanosheet-like
structures may have aggregated through physical attraction due
to the presence of high surface energy. It is postulated that the
dangling bonds and large surface area of the two-dimensional
nanosheet can strongly interact with their adjacent nanosheets
via weak van der Waals forces leading to the formation of larger
network of randomly aligned nanosheets.

The highest yield (∼95%) of nanobelts is attained when
the concentration of NaOH is 10M. It is believed that when
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the concentration of NaOH is relatively lower or higher
than 10M, there is a subsequent decrease in the formation
of one-dimensional nanobelts. Yuan and co-workers have
reported similar observations [18]. Next, the effect of the
HCl ion exchange acid washing duration time, 24 and 72 h, is
investigated while keeping the rest of the reaction parameters
constant. With a 24 h HCl ion exchange treatment, one-
dimension nanostructures average width of 200 nm and length
of 5 µm are synthesized (figures 2(a)–(b)). On the other hand,
longer HCl treatment time of 72 h produces bundles of shorter
nanobelts (1–5 µm) possibly due to longer acid treatments
which leads to breakages of the nanobelts (figures 2(c)–(d)).
However, it is noted that both the samples with different HCl
washing durations show no significant morphology changes,
retaining nanobelt-like structures.

Figure 3(a) shows XRD spectra of samples with various
reaction conditions. XRD spectrum obtained from the sample
washed with 0.1M HCl for 24 h shows a relatively well-
crystallized sodium titanate [19]. The chemical composition
is confirmed using EDX which detected sodium, titanium,
carbon and oxygen elements as shown in figure 3(b). After
the hydrolysis process, protonated forms of sodium titanate
are obtained with basically little Na2Ti3O7 transforming into
hydrogen titanate (H2Ti3O7), i.e. the ion exchange of Na+ by
H+ is not efficient with a short duration (24 h) of acid washing.
Subsequently, XRD spectrum is obtained on the sample with
prolonged acid washing of 72 h. EDX analysis as shown in
figure 3(b) detected carbon, titanium and oxygen elements
only. The absence of sodium may have suggested that the Na+

ions of the titanate nanobelts are effectively removed by longer
acid leaching and neutralization process and the nanostructures
are believed to have transformed into metastable titanate phase,
hydrogen titanate compound [20]. According to the diffraction
databases, Na2Ti3O7 (JCPDS 31-1329) and H2Ti3O7 (JCPDS
36-0654) have similar diffraction peak positions. It is
reasonable to expect that such layered titanate structure should
not be substantially affected in terms of its unit-cell dimension
when a small alkali cation Na is replaced by H. However, it
is noted that one of the diffraction peaks at ∼43◦ does not
provide a satisfactory fit to the database. This may be due to
the small dimensions of the nanostructures, surface defects or
water incorporation in the matrix which may have modified the
lattice parameters of the nanobelts. The effect of calcination
temperature on the prolonged 72 h acid washed nanobelts is
also studied using XRD. With a heat treatment up to 250 ◦C,
the sample exhibits no significant changes in the diffraction
pattern as the samples before heat treatment. However, when
the sample is heat treated at 500 ◦C, it is observed that the first
diffraction peak is shifted towards higher 2θ and becoming
much sharper, a hybrid hydrogen titanate and onset anatase
titania peaks (indicated by ∗) are formed [20].

Figure 3(c) shows the FTIR spectra of HCl leaching for
24 and 72 h. Both spectra show peaks characteristic of the OH
group at ∼3400 and 1620 cm−1 [21] which indicates the
presence of large amount of water and hydroxyl groups in the
titanate nanobelts. The broader peaks centred at 3400 cm−1

are O–H stretching vibrations while the peaks at 1620 cm−1 are
due to physically adsorbed water molecules H–O–H [21]. It is

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

Figure 3. (a) XRD spectra of nanobelts with acid washing for 24
and 72 h, post heat treatment of 250 and 500 ◦C. (b) EDX and
(c) FTIR spectra of nanobelts with acid washing for 24 and 72 h.

observed that the relative intensity of the O–H band increased
with the HCl leaching duration which may suggest an increase
of O–H crystal bonds due to the formation of hydrogen titanate.
TEM image of figure 4(a) shows that the nanobelts are of
high aspect ratio and non-hollow in structure. Figure 4(b)
shows that with short duration of dispersion in ethanol, the
nanobelts can be well dispersed and unagglomerated. The high
resolution TEM image of figure 4(c) shows that the nanobelt
has polycrystalline layered structure and is highly defective
while figure 4(d) reveals interplanar spacing of 0.29 nm, which
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Figure 4. (a)–(b) Low and (c)–(d) high resolution TEM images of the nanobelts. High resolution images show layered and highly defective
structure.

corresponds to (−2 0 2) of sodium titanate [22]. It is noted
that the interlayer spacing is highly dependent on the extent of
proton exchange and water intercalation [23].

The formation mechanism of the nanobelts is via an
alkali-hydrothermal process, which involves dissolution–
crystallization process as shown in the schematic diagram
(figure 5). Anatase TiO2 nanoparticle precursor is initially
dissolved and hydrolysed into titanate under the hydrothermal
reaction. During the alkali-hydrothermal reaction, the
individual monomer of the crystalline precursor can be
represented as the [Ti(OH)6]2− octahedra. The unstable
monomers react via oxolation/olation to form sodium titanate
and water. Subsequently, the sodium titanate nanobelts are
washed with HCl to form hydrogen titanate and by-product
sodium chloride. The Na+ cations of the octahedra titanium
complexes can be substituted with H3O+ cations by ion
exchange when immersed in HCl for a sufficient time for
complete conversion [24]. Anatase titania can then be obtained
under heat treatment dehydration process of 500 ◦C. The entire
chemical processes that take place are as follows:

3TiO2 + 2NaOH → Na2Ti3O7 + H2O,

Na2Ti3O7 + 2HCl → H2Ti3O7 + 2NaCl,

H2Ti3O7 → 3TiO2 + H2O.

Thus, upon hydrolysis of titania particles using NaOH and
adequate acid washing (by ion exchange), it was revealed that

as-synthesized nanostructures formed ‘Ti–O framework’—
titanate and anatase titania. It is noted that the titanate and
anatase titania have a common structural features, with both
crystal lattices consisting of the octahedra sharing four edges
and the zigzag chain-like structure (figure 5) [8]. These
chains are joined together by sharing edges to form layers such
that protons or Na+ ions which can be incorporated between
the layers [8]. 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
chain-like structural units of TiO2 nanobelts remain relatively
unchanged other than lattice rotation and rearrangement of
the [TiO6] octahedra to form anatase lattice [8]. 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 titanate nanostructures retain
essentially the same morphology, even after intervention of
different chemical processing steps, such as acid washing and
high temperature treatment. This observation confirms that the
titanate structural host motifs are easily intercalated with alkali
metal with slight lattice rotation and rearrangement of crystal
structures without modifying its final morphology.

Sheets of as-synthesized nanobelts are used for electrical
and gas sensing measurements. Figure 6(a) shows the
white nanobelts sheet made without any addition of binder
or reinforcement chemicals. Cross-sectional SEM image of
figure 6(b) shows that the nanobelts sheet has a thickness of
∼15 µm. In order to test the electrical resistivity of the metal-
oxides in bulk form, the nanostructure sheet was cut into small
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Figure 5. Schematic diagram of titania and titanate phase transitions by the wet-chemical reactions at various temperatures.

rectangular pieces which measured ∼3 × 5 mm. This was
placed on a clean SiO2 substrate and connected on both ends
with silver paste. The schematic diagram of the fabricated
sensor device is as shown in figure 7(a) inset. Figure 7(a)
shows the I–V characteristic curves of the nanobelts sheet
under an applied voltage of −3 to 3 V. A stable current reading
clearly demonstrates that the nanostructures sheet provides a
connecting Schottky electrical contact between pairs of silver
electrodes. The contact properties depend on the difference of
work functions between the electrodes and the semiconducting
nanobelts. It is expected that in this case Schottky contact is
established with the workfunction of Ag (4.26 eV) greater than
the workfunction of intrinsically n-type TiO2 (4.2 eV) [25].
Figures 7(b) and (c) show the current response of the sensor
at varying and same ppm H2 concentrations, respectively. The
measurements were conducted at an operating temperature of
300 ◦C. From the graphs, it is evident that the introduction of
hydrogen causes the resistance of the sensor to reduce because
of the injection of electrons onto the surface of the metal-
oxide nanostructures, thereby improving the conductivity
of the bulk sensing capabilities. The resistance increases as
the concentration of H2 is varied from 2500 to 1000 ppm.
The response time (90% of Rair − Rgas) is achieved within
the first 40–50 s while the recovery time is 1.0–1.2 min. From
figure 7(c), it was observed that the sensing response was
rather stable and reversible. However, it is noted that over
a prolonged gas sensing cycling at 300 ◦C, the sensitivity of
the material becomes unstable. It is well-known that single
crystalline and epitaxial materials have excellent gas sensing
stability characteristics [26]. In our case the as-synthesized
nanobelts do not have high crystallinity quality (as evident
from the structural TEM analysis) which may have an impact
on the sensing properties. Anatase, the polymorph of titania
has been reported to be of high sensitivity towards reducing
gases such as hydrogen [27]. The magnitude of the gas
response for sodium titanate sensor has been reported and
it has been shown that Na inclusion had a negligible effect
on the H2 sensing properties [28]. Here, we expect that our
hybrid hydrogen titanate and anatase titania nanobelts have
gas response properties of anatase titania without significant
effect from the hydrogen titanate. In oxidizing atmosphere of

Figure 6. (a) Image of nanobelts sheet made without any addition
of binder or reinforcement chemicals. (b) Cross-sectional SEM
image of the nanobelts sheet.

300 ◦C, ambient oxygen is adsorbed on the surface of nanobelts
most likely with a negative charge. Subsequently, with the
introduction of a reducing H2 gas, it reacts with the negatively
charged surface oxygen and decreases the resistance by the
injection of electron.

4. Conclusion

Hydrolysis and ion exchange of titania particles via hydro-
thermal reaction at 200 ◦C has produced one-dimensional
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Figure 7. (a) I–V characteristic curves of nanobelts sheet under
an applied voltage of −3 to 3 V. Inset: schematic diagram of the
fabricated sensor. Current response of the sensor at (b) varying and
(c) same ppm H2 concentration.

hybrid titanate and anatase titania nanobelts. The chemical
composition is highly dependent on the concentration and
duration of the NaOH and HCl processing, respectively. The
product of the hydrolysis and ion exchange reaction, prior to
HCl acid washing, is sodium titanate nanobelts. However, HCl
leaching and neutralization process yield hydrogen titanate
nanobelts which retain the nanobelt-like morphology. The
nanobelts do not have high crystallinity quality due to the
presence of alkali metal intercalated into Ti–O framework.

The sensing properties of titania nanobelts sheet is tested and
exhibited response to H2 gas.
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