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a  b  s  t  r  a  c  t

Rutile  titanium  dioxide  nanorods  array  were  fabricated  on  fluorine-doped  tin  oxide  by  using
hydrothermal  method.  The  influences  of  hydrothermal  reaction  time  on  morphology,  struc-
ture  property,  crystallization,  and  Raman  spectra  have  been  investigated.  The  hydrothermal
treatment  was  conducted  by varying  the reaction  time  at 4, 10,  16,  and  24 h  with  temper-
ature  of 150 ◦C.  The  nanostructure  samples  were  analyzed  using  field  emission-scanning
electron  microscope,  X-ray  diffractometer,  and  micro-Raman  spectroscopy.  The  resulting
nanorods  array  shows  increasing  diameter  as  the reaction  time  increased.  Meanwhile,  the
growth  of the  nanorods  stop  at one  point  as  can be  seen  in its  thickness,  x-ray  diffrac-
tion,  and  Raman  spectra.  This  behavior  can  be attributed  to hydrolysis  rate of  the  precursor
titanium  butoxide  (TBOT)  as the  reaction  time  increased.

©  2017  Elsevier  GmbH.  All  rights  reserved.

1. Introduction

Titanium dioxide (TiO2) exists in three known crystalline that is anatase, rutile, and brookite with polymorphs tetragonal
for both anatase and rutile, and orthorhombic for brookite [1]. TiO2 have received significant notice these past few decades
after the discoveries of photoelectrochemical cell (PEC) and dye sensitized solar cell [2,3]. Major drawbacks of TiO2 nanopar-
ticles related to its recombination process during cell performance [4]. To overcome the drawback, TiO2 nanostructures such
as nanorods, nanoflowers, and nanowires were introduced, as its exhibit excellent electron transport due to its well-defined
crystalline structure and unique optical properties, which minimizes the recombination process and have been considered

as a substitute in the solar cells and electronic devices [5–11]. As TiO2 nanostructures exhibit high crystallinity properties,
the electron mobility is also high, thus indirectly enhanced the electron transport and minimize the recombination losses in
the thin film [12–14]. There are several methods to produces these nanostructures such as sol-gel, chemical bath deposition
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ig. 1. Surface morphology of TiO2 nanorods array fabricated with different hydrothermal reaction times from (a) 4, (b) 10, (c) 16, and (d) 24 h, cross-sectional
mages of (i) 4, (ii) 10, (iii) 16 and (iv) 24 h hydrothermal reaction time.

CBD), chemical vapor deposition (CVD), and hydrothermal method. In this study, TiO2 was fabricated by using hydrother-
al  method. Other methods were at disadvantages such as CBD and CVD methods that usually use an elevated temperature

round 300–400 ◦C, while for sol-gel, there is often a cracking and large volume shrinkage during drying process [15–19].
ydrothermal synthesis method uses a low temperature for mass production of well aligned TiO2 nanostructures directly
n substrates, which in this study are using a fluorine-doped tin oxide (FTO) substrate. By using FTO, the preparation for
eed layer can be eliminated. In this study, the thin film TiO2 fabricated were in rutile-phase. Highly crystalline TiO2 were
ntensively investigated due to its advantages such as easily controllable diameter and thickness [20], as well as high electron

obility and chemical stability [21,22] compared to anatase and brookite. These features make it suitable for applications
uch as photocatalyst and ultraviolet photodetector [23,24].

. Experimental

Titanium dioxide nanorods array were synthesized using the hydrothermal process in a chemical solution. 120 mL  of
oncentrated hydrochloric acid was dissolved in 120 mL  of deionized (DI) water. After vigorously stirred for 5 min, 3.5 mL  of
itanium butoxide (TBOT) was added dropwise using capillary tube. After that, the solution was  poured into the autoclave
ith Teflon-made liner for hydrothermal process to begin. Hydrothermal reaction takes place at 150 ◦C with reaction times

f 4, 10, 16 and 24 h. After that, the autoclave was  taken out from the oven and was  let to cool to room temperature.
he sampe was  then rinsed with DI water and left to dry in oven with 60 ◦C for 10 min. Field emission scanning electron
icroscope (FESEM) JEOL JSM-7600F model operated at 15 kV was used to characterize the morphology and thickness of

he samples. Meanwhile, the crystal structure and crystallite size are defined by an X-ray diffractometer (XRD) PANalytical
-Pert3 Powder model. The scan axis used was 2 h with range of 20� − 60�  and the type of slit used were fixed divergence slit.
inally, Raman spectra were obtained using a Micro-Raman Spectroscope (Renishaw InVia microRaman System) operated
ith 514 nm wavelength of argon (Ar+) laser.

. Results and discussion
.1. Field-emission scanning electron microscopy

Fig. 1 shows the FESEM image of the nanorods array grown on top of the FTO layer at different reaction times ranging from
 h to 24 h. Fig. 1(a)–(d) showed the surface of the nanorods with reaction times of 4 h, 10 h, 16 h, and 24 h, respectively. It
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Fig. 2. XRD patterns of TiO2 nanorods array fabricated with different hydrothermal reaction time from (a) 4, (b) 10, (c) 16, and (d) 24 h.

can be clearly seen that the nanorods grew in decent shape after the reaction time of 16 h. Fig. 1(a) shows that the nanorods
can barely be seen as the reaction time was too short for growth of the nanorods with diameter produced ranging from
30 to 45 nm.  The rods are in slanting position with large gaps between each other. However, the nanorods started to grow
with increasing reaction time, as can be observed in Fig. 1(b) and (c), with size ranges from 250 to 450 nm and 250–300 nm,
respectively. It can be seen on the surface structure of Fig. 1(b) that the nanorods started to develop in tetragonal shape and
a gap between the nanorods has started to form. Meanwhile, from Fig. 1(c), it can be seen that the TiO2 nanorods have grown
in decent tetragonal shape with a flat-end facets and obvious gap between them. As the reaction time further increase, the
nanorods agglomerate to each other, thus eliminating the gap between the nanorods and the rods also lose their tetragonal
forms resulting diameter ranges from 200 to 450 nm as shown in Fig. 1(d). A cross-sectional image of the synthesized TiO2
nanorods array is shown in Fig. 1(i), (ii), (iii), and (iv) for 4, 10, 16, and 24 h reaction time, respectively. For Fig. 1(i), the cross
sectional image shows only of FTO substrate as the nanorods were too small and almost invisible as can be seen in Fig. 1(a).
Overall image shows that the nanorods grew perpendicular to the substrate with length of the nanorods to be 0.79 �m for
Fig. 1(ii), 1.61 �m for Fig. 1(iii), and 2.73 for Fig. 1(iv). It can be concluded that the lengths of TiO2 nanorods increase with
increasing reaction time [1].

3.2. X-ray diffraction

The XRD patterns of the nanorods TiO2 prepared with different reaction times are shown in Fig. 2(a)–(d) for 4 h, 10 h,
16 h and 24 h, respectively. Clear diffraction peaks are recorded between 20◦ and 60◦ consisting of rutile TiO2 and FTO peaks.
The rutile peaks are indexed to (101), (200), and (111) planes of TiO2 with tetragonal structures. Fig. 2(a) shows dominant
peaks of FTO at 26◦, 34◦, 37◦, 51◦, 55◦ and a rutile TiO2 peak at 39◦ of plane (200). This is confirmed with FESEM image which
shows mostly FTO surface and nanorods only starting to grow on it. XRD diffraction for nanorods prepared in 10 and 16 h
reaction times as shown in Fig. 2(b) and (c), respectively, were a mixed of FTO and rutile peaks. Both samples prepared have
two rutile peaks correspond to planes (101) and (111) with insignificant change in their intensity. In the meantime, intensity
for FTO peaks have decreased due to the thickness of the thin film that increased with increasing time as stated in FESEM
analysis. In Fig. 2(d), it can be seen that there is no FTO peaks produced leaving only rutile TiO2 peaks as the diffraction with
a slight drop in its intensity. Fig. 2 shows that the (101) plane orientation peak centred at 36◦ gave the highest intensity for
rutile TiO2 compared to the others. This indicates that the nanorods growth occurred preferentially vertically to the FTO
substrate. Overall peaks observed gave either a strong, sharp diffraction, or a weak, sharp diffraction. There is no broad peak

produced thus showing good crystallinity of the samples. During the growth of TiO2 nanorods on FTO substrates, the SnO2
act as a nucleation layer. In order to reduce the surface energy by terminating high energy facets, attachment always takes
place at the high energy surfaces. As both rutile and SnO2 have tetragonal structure where the surface energy of (101) plane
is high, growth of titania crystal occurs instantly. While the thermodynamically stable crystal structure of SnO2 is rutile, the
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Table  1
Full-width Half-Maximum and crystallite size of sample fabricated with different reaction time.

Reaction time (hour) Full-Width Half-Maximum (FWHM) Crystallite Size ( ´̊A)

4 0.393 242.4
10  0.315 307.93
16  0.138 770.2
24  0.138 770.2
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Fig. 3. Raman spectra of TiO2 nanorods array fabricated with different hydrothermal reaction times from (a) 4, (b) 10, (c) 16, and (d) 24 h.

ery small lattice mismatch of both TiO2 and FTO substrate were the driving force for the epitaxial growth of TiO2 nanorod
rrays [25]. Table 1 shows the obtained crystallite size for each sample. Different reaction times gave quite a significant
hange in the crystallite size, except for 16 and 24 h reaction time where the crystallite sizes are the same. The crystallite
ize increases when time increases as increasing time allowing greater coalescence of the particles [26,27].

.3. Raman spectroscopy

Raman spectra of TiO2 nanorods with different reaction times are shown in Fig. 3(a)–(d) for 24 h, 16 h, 10 h and 4 h,
espectively. Peak position produced for Fig. 3(a) are normalized as shown in Fig. 4, which shows only the peaks of FTO
t 570 cm−1 and 1087 cm−1. Starting from Fig. 3(b) to (c), all peaks produced are of rutile TiO2 Raman shifts at 122 cm−1,
41 cm−1, 441 cm−1, and 620 cm−1 which confirmed the result of XRD peaks. Three of the peaks, 122 cm−1, 441 cm−1, and
20 cm−1 are the dominant peaks of rutile single crystal expressed as A1g + B1g + Eg. There is also a second-order scattering
eak at 241 cm−1 which is also a characteristic of rutile TiO2. The weak and broad peak produced at 241 cm−1 was  likely
ecause of phonon confinement effect [1]. The samples show increasing intensity of the Raman peaks with increasing reaction
ime at its prominent maxima which are at 441 cm−1 and 620 cm−1. This indicated that the nanorods prepared with longer
eaction time have better crystallinity as had been in agreement with XRD patterns shown in Fig. 2. This result also suggests
hat thickness of the sample increase with increasing reaction time.

. Conclusions

Titanium dioxide thin films have been successfully fabricated on top fluorine-doped tin oxide by using hydrothermal
ethod. The reaction time was varied from 4 to 24 h. FESEM image of the resulting thin films shows that the diameter of the
anorods increased with increasing reaction time, and the crystalline structure shows rutile phase in all sample fabricated
ccording to XRD pattern and Raman spectra.
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Fig. 4. Normalized Raman spectra of TiO2 nanorods array fabricated with 4 h hydrothermal reaction time.
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