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Growth of titanium dioxide nanorod arrays through the aqueous
chemical route under a novel and facile low-cost method
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Titanium dioxide (TiO;) nanorod arrays were successfully synthesized through a facile aqueous chemical
route on a fluorine tin oxide-coated glass substrate in a Schott bottle with cap clamps. Distinct rutile-
phase TiO, peaks were observed via X-ray diffraction and micro-Raman spectroscopy. The surface
morphology depicted in field-emission scanning electron microscopy and atomic force microscopy
images showed that the nanorod arrays were successfully synthesized on the substrate. Moreover, these
arrays possessed an average diameter of 120 nm and an average length of 1.52 um. The prepared TiO,
nanorod arrays exhibited high absorbance properties in the ultraviolet (UV) region ( <400 nm). In this
study, the synthesized arrays may be applied in optical sensing based on the steady photocurrent results
obtained under UV irradiation in a sodium sulfate electrolyte solution.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The optical, electrical, and photochemical properties of nanos-
tructured titanium dioxide (TiO;) are unique and outstanding; this
material has gained significant interest over the previous decade
as an alternative material for photocatalysts [1] and electronic
devices [2]. Numerous deposition methods have been examined
for nanostructured TiO, synthesis, including sputtering, chemical
vapor deposition, pulsed-laser deposition, and solution-based
methods. Various studies on solution-based methods have at-
tempted to extend the deposition process to synthesize a preferred
nanorod array structure of the TiO, layer given the high surface
area-to-volume ratio [3,4]. However, the process requires a high-
pressure vessel or autoclave even at a low synthesization tem-
perature. The main purpose of our research is to develop a fast,
low-cost, and reliable solution-based method to prepare TiO,
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nanorod arrays for photosensor use.

In the present study, we propose a novel aqueous chemical
route that uses a facile Schott bottle with cap clamps to produce an
aligned TiO, nanorod array structure. This bottle has never been
used for the dissolution condensation growth of TiO, nanorod
arrays because the bottle cap is incapable of compressing the in-
creasing pressure at elevated temperatures. Thus, cap clamps are
introduced for clenching purposes. This low-cost, simple, yet fast
method facilitates rapid progression and extensive study on the
one-dimensional growth of a TiO, nanorod array structure. Finally,
the synthesized arrays are characterized in terms of its structural,
optical, and electrical properties.

2. Experimental

A fluorine tin oxide (FTO)-coated glass substrate was used for
the growth of the TiO, nanorod arrays. The substrates were
cleaned with acetone, ethanol, and deionized (DI) water in an
ultrasonic bath. The hydrothermal process was performed for
10 min in a Schott bottle containing a mixture of hydrochloric
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Fig. 1. Setup for TiO, nanorod array synthesis in a Schott bottle with cap clamps.

(HCl) acid and deionized water in a 1:1 volume ratio. Titanium (iv)
butoxide (0.07 M) was added to the solution under vigorous stir-
ring for another 30 min. A cleaned FTO-coated glass substrate was
incorporated into the resultant transparent solution with the
conducting side facing upward; then, the Schott bottle was sealed
and fastened with cap clamps to retain the high pressure inside
the bottle for 2 h at 150 °C. A schematic of this process is shown in
Fig. 1. The synthesized sample on the substrate was then rinsed
with DI water and dried at room temperature. Subsequently, the
sample was annealed in a furnace at 450 °C for 30 min to improve
crystallinity.

The morphology, topology, and crystallinity of the synthesized
TiO, samples were observed via field-emission scanning electron
microscopy (FESEM, ZEISS Supra 40VP), atomic force microscopy
(AFM, Park System), and X-ray diffraction (XRD, Shimadzu XRD-
6000), respectively. The sample was also characterized through
micro-Raman spectroscopy (Renishaw InVia microRaman System,
514 nm laser). An ultraviolet-visible (UV-vis) spectrophotometer
(Cary 5000) was used to characterize the optical properties of the
synthesized TiO, nanorod arrays at wavelengths of 200-800 nm,
whereas the electrical properties of these arrays were character-
ized with a direct current (DC) two-probing system (Advantest
R6243) to identify the current-voltage (I-V) characteristic. The
photocurrent was measured under UV irradiation using a two-
probe measurement system (Keithley 2400) and a UV lamp
(365 nm, 4 W) with a bias voltage of 1V.

3. Results and discussion

The surface morphology depicted in Fig. 2(a) and (b) reflects
the top view of the synthesized TiO, at magnifications of
100,000 x and 30,000 x, respectively. The nanorods, which dis-
play an average diameter of approximately 120 nm, were uni-
formly deposited on the substrate with dense arrays. Fig. 2

TiO2 nanorods

FTO layer
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Fig. 2. FESEM images of the TiO, nanorod arrays at magnifications of (a) 100,000 x and (b) 30,000 x . (c) Cross-sectional and (d) AFM images of the synthesized TiO,

nanorod arrays.
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(c) displays a cross-sectional image of synthesized TiO, nanorod
arrays on the FTO-coated glass substrate and indicates that the
growth of nanorod arrays is perpendicular with that of the sub-
strate. The average thickness of the nanorod arrays was roughly
1.52 um. The diameter and thickness of the nanorod arrays might
be controlled by varying the growth time, growth temperature,
acidity of the solution, and concentration of titanium precursor,
which was previously reported for hydrothermally grown TiO,
nanorod arrays [5]. Both diameter and thickness of the nanorod
arrays prepared by this technique are expected to change through
the variation of experimental conditions as proven by previous
studies on ZnO nanorod arrays, which also prepared using the
Schott bottle [6,7]. The topographical AFM images in Fig. 2
(d) showed a similar pattern; the top view was obtained through
FESEM, and the measured root mean square roughness, R;;;s and
average roughness, R, of the synthesized TiO, were approximately
38.52 and 30.37 nm, respectively. However, these measured
roughness values might not be accurate due to the existence of
void between the nanorods and limitation of the probe tip to
measure the individual nanorods down to the bottom side. These
roughness values could be corrected by using the equations below
[8]:

« T
ers - ZerSy (1)
. T
R¥ = =R,
“z" @)

where R is the corrective root mean square roughness, Ry is the
corrective average roughness, T is the average thickness of the
nanorod arrays, Z is the maximum z-range of the AFM probe tip (in
our case, Z=190 nm), R,s is the measured root mean square
roughness from AFM, and R, is the measured average roughness
from AFM. From these equations, the calculated Ryms and R, were
308 and 243 nm, respectively.

The chemical reactions are based on the dissolution con-
densation growth on the surface of the substrate. The resultant
proposed growth of TiO, nanorod arrays is expressed as follows
[9]:
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where R = C4H,.

The hydrolysis reaction (Eq. (3)) removes four carbon atoms
from the titanium precursor to form titanium hydroxyl; moreover,
the condensation reaction (Eq. (4)) yields TiO, on the substrate
and loses water. The rapid reactions are stabilized by HCI to avoid
the immediate formation of precipitates or of large aggregates
while preparing the aqueous solution. The ratio of DI water and
HCl is important to control because this ratio affects the titanium
alkoxide content for nanorod growth.

Fig. 3(a) exhibits the XRD result of the synthesized TiO, na-
norod arrays. Without any other peaks to indicate the presence of
the anatase and brookite phases of TiO,, the detected peaks at
(101), (210), (211), (002), (310), and (112) planes designate the
tetragonal rutile structure of TiO, (JCPDS No. 01-072-1148). Based
on the XRD pattern, the synthesized TiO, nanorod arrays exhibit
polycrystalline structure as suggested by the appearance of mul-
tiple diffraction peaks, which correspond to the different plane
orientations. SnO, peaks are also observed because of the X-ray
penetration into the FTO-coated glass substrate. The structural
phase of the synthesized TiO, nanorod arrays were also analyzed
via micro-Raman spectroscopy, as shown in Fig. 3(b). Intense Ra-
man peaks are detected at 445 and 609 cm ™' for the E; and A;q
modes, respectively. This finding confirms the rutile phase of TiO,
and is consistent with the attained XRD result.

Fig. 4(a) illustrates the optical absorbance spectrum of TiO,
nanorod arrays in a range of 200-800 nm. This spectrum indicates
that the synthesized TiO, displays intense absorbance at less than
400 nm in the UV region; thus, these arrays can merely absorb UV
wavelengths below this point. Fig. 4(b) depicts Tauc's plot of the
TiO, nanorod arrays for optical band gap energy estimation, which
was derived using the equation below:

ahv = A(hv — Eg)'/?, )]

where « is the absorption coefficient, hv is the photon energy, A is
a constant, and E; is the bandgap energy. The extrapolation of the
linear side of the graph indicates that the optical band gap energy
falls at 3.2 eV, which is in the range of the TiO, rutile phase.

I-V is measured for the TiO, nanorods deposited at ambient
temperature in a range of —1.5-1.5V, as displayed in Fig. 4(c). A
linear function exhibits an Ohmic characteristic in this voltage
region at a resistivity of 7.0 x 10% Q cm. Fig. 4(d) shows the time-
dependent photocurrent property of the synthesized TiO, under
365 nm UV illumination at a bias voltage of 1 V in a sodium sulfate
(NayS0,) electrolyte solution. The photocurrent is increased at an
average of 0.1 mA during UV irradiation and decreased after the
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Fig. 3. (a) XRD pattern and (b) Raman spectrum of the rutile-phased TiO, nanorod arrays.
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Fig. 4. (a) UV-vis absorbance spectrum, (b) Tauc's plot, (c) I-V characteristic, and (d) photocurrent response under UV irradiation (365 nm, 1V bias) of synthesized TiO,

nanorod arrays.

UV light is turned off. This behavior is attributed to the excitation
of the photogenerated electron from the valence band into the
conduction band through UV irradiation; as a result, the measured
current increases. The rapid change observed in the current was in
line with the fast response time of the fabricated TiO,. Therefore,
these electrical properties of synthesized TiO, facilitate the po-
tential application of such arrays in low-power photosensors.

4. Conclusions

TiO, nanorod arrays were synthesized on a FTO-coated glass
substrate through a facile aqueous chemical route via dissolution
condensation growth in a low-cost Schott bottle with cap clamps.
Uniform and dense TiO, nanorod arrays were obtained after 2 h of
immersion; these synthesized arrays have an average diameter of
120 nm and an average length of 1.52 um. XRD reveals that the
sample is a crystalline TiO, in rutile phase, and our results de-
monstrate that the TiO, nanorod arrays respond well to 365-nm
UV illumination in a Na,SO4 electrolyte solution. In conclusion,
synthesized TiO, nanorod arrays are a promising material for
photosensor applications.
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