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SYNTHESIS OF SINGLE CRYSTALLINE TITANIUM OXIDE AND SODIUM TITANATE NANORODS
VIA SALT-ASSISTED ULTRASONIC SPRAY PYROLYSIS

The simple and continuous synthesis of single crystalline anatase titanium dioxide and sodium titanate nanorods by a salt-
assisted ultrasonic spray pyrolysis method is demonstrated. This method does not require expensive precursors, long reaction time,
and physical templates or surfactant. In addition, its continuous nature makes it a suitable method for the large-scale preparation.
Moreover, the effect of a salt concentration in a starting solution on material properties, including morphology and phase of the
synthesized products was systematically investigated. The synthesized nanorods had one-dimensionality, a single crystalline and
the average diameter of 12.3 nm with dual phases of titanium dioxide and sodium titanate by FE-SEM, XRD, HR-TEM as well

as FFT-converted SAED pattern analysis.

Keywords: TiO,, Nanorods, Salt, Ultrasonic Spray Pyrolysis, Optical properties

1. Introduction

As one of the most important metal oxides and semicon-
ductors, titanium dioxide (TiO,), especially anatase and rutile
TiO,, is the most extensively studied material. It is known to be
a very useful non-toxic, environmental friendly, and corrosion-
resistant material with unique ionic and electronic properties
that enable its use in solar cells, photocatalytic reactions, and
lithium-ion batteries [1-4]. Generally, the performance of these
applications is mainly determined by a surface reaction/interac-
tion and a charge transfer or separation. Therefore, it is crucial
to maximize the specific surface area and control the morphol-
ogy to achieve a maximum overall efficiency. From this point
of view, nanoparticulated forms of TiO, with one-dimensional
(1D) structures including nanorods, nanowires, nanotubes and
nanofibers are the most suitable because they provide a higher
specific surface area and electron mobility compared with other
nanosize geometries [5-7].

Various methods have been reported on the synthesis of
1D TiO; nanostructures including sol-gel methods, hydro/solvo-
thermal approaches, template-assisted methods and by electro-
chemical means [8-10]. These current synthesis routes require
expensive precursors or templates and complicated or multi-step
procedures, moreover, all of them are batch type processes
which require a long reaction time and thus, the processes are
not compatible for a cost-effective mass production. In addition,
it is difficult to obtain single crystalline 1D TiO, nanostructures
via the methods because the common titanium precursors for the
solution-based methods exhibit a hydrolytic reaction rates which

make it difficult to control their reaction processes and invariably
lead to a mixture of different polymeric species [11-12].

Given its simple procedure and continuous nature, ultrasonic
spray pyrolysis (USP) is an attractive method for the large-scale
preparation of materials, but polycrystalline spheres with the size
of a sub-micron or few micron meter are typically produced be-
cause there is a limitation to reduce an initial droplet size through
an ultrasound. Recently, controlling their size, morphology and
crystalline nature has been achieved by the incorporation or in
situ generation of inert or reactive salts such as NaCl, NaNO; or
KNOj; during USP [13-15]. However, relatively little research has
been carried out on nanoscale materials with both 1D structure and
single-crystalline nature. Furthermore, to the best of our knowl-
edge, this is the first time to apply this technique in the synthesis
of single crystalline TiO, nanorods. In this study, we demonstrated
that salt-assisted ultrasonic spray pyrolysis (SA-USP) could be
used as an alternative process to synthesize single crystalline
TiO, nanorods. The effect of salt contents in precursor solutions
on the formation of TiO, particles was systematically investi-
gated. In addition, the crystallography and microstructure of the
synthesized nanostructure were also investigated and discussed.

2. Experimental

All the reagents and solvent were purchased from Aldrich
and used directly without further purification. Starting solutions
for the SA-USP were prepared by mixing hexafluorotitanic acid
solution (H,TiF¢, 60 wt.% in H,O, Sigma aldrich) and dissolving
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sodium chloride (NaCl, 99.5%) in in distilled water. The concen-
tration of the H,TiF4 was fixed to 40 mM but the NaCl content
was varied to 40,200,300 and 400 mM. The molar ratios of the
NaCl were 1,5,7.5 and 10 of the H, TiF¢. Hereafter, the samples
were named T1, T5, T7.5 and T10 to reflect the relative content
of the slat. The prepared precursor solutions were ultrasoni-
cally nebulized at a frequency of 1.7 MHz into microdroplets,
which carried by a gas flow into a tube furnace where solvent
evaporation and precursor decomposition occurred, for produc-
ing a NaCl/TiO, composite powder. The furnace with a quartz
tube (30 mm inner diameter and 500 mm long) was preheated to
800°C, and compressed pure oxygen was used as carrier gas ata
flow rate of 2 L/min. The NaCl/TiO, powder was collected by the
incorporation of a filter paper (Qualitative Filter Paper, 5-8 um,
Hyundai Micro Co., Ltd., Korea) in the carrier gas stream and
then was washed with distilled water several times using a probe-
type ultrasonicator (VC-505, Sonics & Materials, Inc, USA) at
300 watts to dissolve and remove the NaCl from the powder.

The crystal structures and crystallite size of the NaCl/TiO,
composite powder and TiO, nanoparticles were characterized by
X-ray diffractometer (XRD, X’Pert® Powder, PANalytical, Neth-
erlands) with a radiation wavelength of 1 = 1.54056 °A. XRD
patterns were obtained from 20° to 80° of 2q at a scanning rate of
4° min!. Microstructural characterization of the as-synthesized
and washed powder was performed by means of field emission
scanning electron microscopy (FE-SEM, JSM-7500F, JEOL,
Japan) and high-resolution transmission electron microscopy
(HRTEM, JEM-2100F, JEOL, Japan). An absorption spectrum
was measured in the region of 200-900 nm with an ultraviolet/
visible (UV/Vis) spectrophotometer (UV-vis DRS, UV-2600,
SHIMADZU, Japan).

3. Results and discussion

Figure 1 shows the FE-SEM images of as-synthesized and
washed powders with respect to the ratio of the added salt in

the precursor solution (T1, TS5, T7.5 and T10). Initial droplets
nebulized by ultrasound are spherical generally due to a surface
tension. A gas then carries the droplets into a furnace, with many
possible reaction pathways which determine powder morpholo-
gies including solid, hollow or fragmented products. As shown
in Fig. 1, all as-prepared powders (A~D) are solid, but their
morphologies are quite different. The T1 powder with a low
NaCl content shows near spherical morphologies, however,
the morphology slightly changes to a cube which is the crystal
structure of NaCl with increasing the NaCl content. All pow-
ders show rough surfaces because they are secondary particles
consisted of tiny primary nanoparticles. The NaCl acts as a high
temperature solvent that prevents the hard agglomeration and
densification of the primary nanoparticles. If the concentration
of'the NaCl is high enough, the secondary powder disintegrated
to the primary particles by washing the NaCl. The morphologies
of the washed powders strongly depends on the NaCl contents
as shown in Fig. 1E-H. After the NaCl removal, the T1 powder
is a spherical shape with some pores and the TS one is in the
form of skin, whereas T7.5 and T10 samples are separated to tiny
primary particles which have the desired sizes and morphologies.
The phase of intermediate product after the SA-USP was
analyzed by XRD, as shown in Fig. 2. The diffraction peaks
of cubic NaCl (JCPDS No. 05-6278) were observed from all
samples. However, except for the T1 powder, the others do
not show the diffraction pattern of anatase TiO, (JCPDS No.
21-1272) despite the sufficient quantity of the titanium precursor
in the starting solution. On the basis of the morphology change
before and after removing the NaCl shown in Fig. 1, this can be
interpreted that tiny TiO, primary particles are well dispersed in
the NaCl matrix or form very thin shells, thus they produce ex-
tremely broaden diffraction peaks with low intensities compared
to those of NaCl. The presence of TiO, was confirmed from the
XRD patterns after washing the powders as shown in Fig. 3.
The NaCl diffraction peaks were completely disappeared
except for the T1 powder and all samples indicated the diffrac-
tion patterns corresponded to anatase TiO,. However, the powder

Fig. 1. FE-SEM images of (A-D) as-synthesized and (E-F) washed powders with respect to the ratio of the added salt in the precursor solution;

(A,D) T1, (B,E) T5, (C,G) T7.5 and (D,H) T10
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Fig. 2. XRD patterns of the as-prepared powders by SA-USP at 800°C
as a function of the salt content; (A) T1, (B) TS5, (C) T7.5 and (D) T10

synthesized from the starting solution with relatively high NaCl
concentrations (sample T5, T7.5 and T10) showed the diffraction
peaks of monoclinic sodium titanate (Na,TizO;3, JCPDS No.
37-0951). This phase is known to be one of the ternary M-Ti-O
(M = alkali metal) system materials which have low toxicity,
low cost and wide applications including sodium ion batteries
and photocatalysts [ 16-19]. Although the synthesized nanostruc-
tures were not pure TiO, but the Na,TigO 3 is also useful and
the properties and applications of Na, TizO,; are quite similar to
anatase TiO,. In addition, they could be selectively synthesized
by modulating the pyrolysis condition such as temperature and
gas flow rate. Analysis of the reflection at the diffraction peaks
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Fig. 3. XRD patterns of the powders after removing the NaCl; (A) T1,
(B) T5, (C) T7.5 and (D) T10

of (101) and (200) for the T7.5 powder by the Scherrer equa-
tion [20] revealed that an average crystallite size is 16 nm and
16.5 nm, respectively.

The crystallography and microstructure of the synthesized
TiO, and Na,TizO;3 nanostructures were further studied using
TEM, high-resolution (HR) TEM and fast Fourier transform
(FFT) analysis. Fig. 4A is a low magnification TEM image of
the T7.5 powder synthesized by the SA-USP at 800°C and the
washing treatment. It can be seen from the image that the na-
nostructures are longish in shape with a small aspect ratio. The
average diameter was determined by using Image J software
and the value was about 12.3 nm that was in good agreement

Fig. 4. Low-magnification TEM, high resolution TEM and fast Fourier transform-converted selected area electron diffraction patterns of the
T7.5 powder
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with the crystallite size calculated by Scherrer equation from the
XRD pattern. As shown in Fig. 4B,D, the HR-TEM images of
randomly selected nanorods show that the individual nanorods
are structurally single-crystalline in nature and have a periodic
fringe spacing of 0.35 nm and 0.63 nm along their longitudinal
or transverse axes, which correspond to the interplanar spacing
between the (101) planes of anatase TiO, and the (201) planes
of monoclinic Na,TigO 3, respectively. The corresponding FFT-
converted selected area electron diffraction (SAED) patterns
obtained from the HR-TEM images indicated that the nanorods
had single-crystalline structures. The patterns shown in Fig. 4C,E
were consistent with the d-spacing value of the (101), (200)
and (201), (501) lattice planes of anatase TiO, and monoclinic
Na,TigO;; with corresponding d-spacings of 0.352, 0.189 nm
and 0.629 and 0.298 nm, respectively. This was consistent with
the results obtained from the XRD analysis.

4, Conclusions

In summary, we have demonstrated a simple and continuous
synthesis method for synthesizing single-crystalline nanorods
using a NaCl-assisted ultrasonic spray pyrolysis followed by the
removal treatment of the NaCl. The concentration of the NaCl in
starting precursor solutions play an important role to determine
the size and morphology of the synthesized powders. The powder
prepared from the precursor solution with the Ti/Na molar ratio
of 1 : 7.5 was composed of single crystalline nanorods with the
average diameter of 12.3 nm. The nanorods have dual phases
being anatase TiO, and monoclinic Na,TigO 3 which is a reaction
phase with Na and TiO,. However, the phases could be readily
controlled by changing the pyrolysis condition. These materials
could have a wide range of applications in photocatalysts, solar
cells and lithium ion batteries because of their large specific
surface areas, dimensionalities and high crystallinities.
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