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Raman investigation of rutile-phased TiO, nanorods/nanoflowers
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Abstract Rutile-phased titanium dioxide nanorods
(r-TNRs) and rutile-phased titanium dioxide nanoflowers
(r-TNFs) were deposited on fluorine-doped tin oxide coated
glass by using one step hydrothermal method at a fixed
temperature of 150 °C. The hydrothermal treatment was
conducted by varying the reaction time at 2, 3, 4, 5, 6, 7
and 8 h. The effect of reaction time on surface morphol-
ogy, structure property, crystallite size and Raman spectra
was investigated. The nanostructure samples were analysed
using X-ray diffractometer, field emission-scanning elec-
tron microscope, micro-Raman spectroscopy, and energy-
dispersive X-ray spectroscopy. The resulting micro-Raman
spectra show abnormal behaviour of Raman intensity. The
micro-Raman spectra of the nanostructure samples exhibit
insignificant changes and shifting of Raman bands with
increasing reaction time. This behaviour can be attributed
to the shape and surface morphology distribution of
r-TNRs/r-TNFs.
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1 Introduction

Titanium dioxide, also known as titanium oxide or titania,
is found in three natural crystalline phases namely, anatase,
rutile and brookite. Titanium dioxide has a melting point of
1825 °C which implies strong bond, high thermal stability
and chemical resistance [1]. Both rutile and anatase tita-
nium dioxide have a tetragonal structure but with different
space groups. Rutile has a space group of P4,/mnm with
two titanium dioxide formula units in one cell, while
anatase belongs to group [4,/amd with four titanium
dioxide formula units in one cell [2]. Active crystallite
phases for titanium dioxide are rutile and anatase although
brookite is occasionally used in chemical reactions [3, 4].

Unique physical and chemical properties of polycrys-
talline titanium dioxide has made it suitable for several
important industrial applications including photocatalysis
[5], photovoltaics [6] and photosensors [7]. It is an
important material because of its functional properties. For
example, under certain conditions, it can absorb ultraviolet
(UV) light [8] and is transparent under visible light spec-
trum [9]. Generally, the rutile phase titanium dioxide is
obtained from the calcination process of anatase titanium
dioxide. The calcination process is normally conducted at a
temperature range of 400-1000 °C, though the actual
transformation normally occurs at around 800-850 °C
[10].

Raman spectroscopy is commonly used to investigate
titanium dioxide structural properties, where changes in
diameter of the particles being one of the parameters that
will induce change in peak intensity and broadening of
Raman bands. Raman spectroscopy help us understand the
role of strain energy, quantization effect and formation of
stable phase of TiO, nanoparticles [11]. In the present
work, r-TNRs/r-TNFs were synthesized by hydrothermal

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-016-4783-z&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-016-4783-z&amp;domain=pdf

J Mater Sci: Mater Electron

method for various reaction times. An investigation was
conducted to see the effect of various reaction times on the
structural property and surface morphology of titanium
dioxide and the Raman spectra. These films are suitable in
various applications such as UV light sensors and solar
cells.

2 Experimental

Rutile-phased titanium dioxide nanorods (r-TNRs) and
rutile-phased titanium dioxide nanoflowers (r-TNFs)
were synthesized from a chemical solution using the
hydrothermal process. The chemical solution was prepared
by dissolving 120 mL of concentrated hydrochloric acid
(HCI) (36.5-38 %) in 120 mL of deionized (DI) water. The
mixture was vigorously stirred for 5 min before 6 mL of
titanium butoxide (TBOT) was added drop wise using a
capillary tube. After stirring for nearly 20 min, the solution
was placed into steel made autoclave with Teflon made
liner (300 mL) for hydrothermal process in which the FTO
glass substrates were placed with the conducting FTO
surface facing upwards. The process was performed at
150 °C for reaction times 2, 3, 4, 5, 6, 7 and 8 h. After that,
the autoclave was taken out from the oven and was let to
cool to room temperature. The prepared samples were
rinsed with DI water and left to dry at room temperature.
The morphology and thickness of TiO, nanorods were
characterized by using a field emission scanning electron
microscope (FESEM) JEOL JSM-7600F model operated at
15 kV. Chemical composition of the samples were char-
acterized using an energy dispersive X-ray spectroscope
(EDS Oxford Instrument Inc.) attached to the FESEM. The
crystal structure and crystallite size are defined by an X-ray
diffractometer (XRD) PANalytical X-Pert® Powder model.
The scan axis used were 20 with range of 20°-60° and the
type of slit used were fixed divergence slit. Finally, Raman
spectra were obtained using a Micro-Raman Spectroscope
(Renishaw InVia microRaman System) operated with
514 nm wavelength of argon (Ar™") laser.

3 Results and discussion
3.1 Surface morphology and chemical composition

Chemical composition of the samples is presented in
Table 1. From Table 1, it can be seen that the weight
percentage of Ti increased as reaction time increased.
Surface morphologies of r-TNRs array prepared at different
hydrothermal reaction times are shown in Fig. la—g. Fig-
ure la shows the surface morphology of the sample pre-
pared at 2 h reaction time. The FESEM image corresponds

@ Springer

Table 1 EDS data for samples prepared at 2, 3,4, 5,6, 7 and 8 h
reaction times

Element
W = weight % A = atomic %

Reaction time (h)

Sn (0] Ti
2 W = 60.80 W = 39.20 -
A =17.29 A = 82.71
3 W = 56.95 W = 39.66 W =3.39
A =15.84 A = 81.83 A =233
4 W = 33.61 W = 43.67 W =2272
A =812 A = 78.28 A = 13.60
5 W =296 W = 5281 W = 44.23
A =0.59 A =77.68 A =21.73
6 - W = 48.85 W = 51.15
A = 74.09 A =2591
7 - W = 46.95 W = 53.05
A =72.60 A =27.40
8 - W = 44.73 W = 55.27
A = 70.79 A =29.21
to FTO structures and neither nanorods nor TiO,

nanoparticles were detected [12]. This can also be con-
firmed with the EDS data as shown in Table 1. Growth of
r-TNRs was detected as the reaction time was increased to
3,4,5,6,7 and 8 h, as shown in Fig. 1b, c, d, e, f, and g,
respectively. FESEM image of the sample prepared at 3 h
reaction time, as shown in Fig. 1b, shows a surface mor-
phology of r-TNRs with thickness of 0.19 pm. The rods are
in slanting position with big gaps between each other.
Figure 1c, d show highly oriented tetragonal r-TNRs with
thickness of 0.54 and 1.41 pum, respectively. The gaps
between the rods and the thickness of the rods for sample
prepared at 5 h reaction time were slightly bigger than the
sample prepared at 4 h reaction time. As reaction time
increased from 5 to 8 h, the --TNRs formed were bigger in
diameter. FESEM image of the sample prepared at 6 h
reaction time, as shown in Fig. le, shows an increase in
thickness and diameter of r-TNRs, thus eliminating the
gaps between the nanorods. FESEM image of the sample
prepared at 7 h reaction time, as shown in Fig. 1f, shows
that the thickness of r-TNRs has greatly enhanced to
4.13 um with no gaps or boundaries formed between the
rods. Meanwhile, the thickness of r-TNFs for the sample
prepared at 8 h reaction time, as shown in Fig. 1g, has
slightly decreased to 3.19 pm due to the abundance of
r-TNFs growing on top of it which also hindered the
growth of nanorods. With short reaction time, the obtained
nanorods were not as aligned as the samples obtained with
longer reaction times.

In this study, the outcome also consisted of nanoflowers
(TNFs). TNFs grew in samples prepared at 3, 4, 5, 6, 7 and
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Fig. 1 Surface morphology images of TiO, nanorods array for a 2, b 3, c 4,d 5, e 6, f 7, and g 8 h hydrothermal synthesis time with 25 k
magnification. h The EDS spectra for 6 h synthesis time. The insets are the corresponding cross-sectional views of each sample

8 h reaction time, as shown in Fig. 2a, b, c, d, e, and f,
respectively. The nucleation process of TNFs is interpreted
to have begun by deposition on the tip of the r-TNRs, as
shown in FESEM image of the sample treated for 3 h, as
shown in Fig. 2a. As reaction time increased to 4 h, the

flowers have started to grow, as shown in Fig. 2b. At 5 h
reaction time, the flowers became longer and thinner and
eventually thicker at 6 h reaction time shown in Fig. 2¢
and d, respectively. The flowers reached their stable state at
7 h reaction time. As the time increased, the flowers
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Fig. 2 Morphologies image of TiO2 nanoflowers fora 3, b4, ¢ 5,d 6, e 7, and f 8 h hydrothermal synthesis time with different magnification

agglomerated to become larger in size, as a result cauli-
flower-like nanoflowers can be seen in the sample treated
for 8 h in Fig. 2f. The growth mechanism is illustrated in
Fig. 3.

3.2 X-ray diffraction

XRD spectra of TiO, samples prepared at various reaction
times were shown in Fig. 4. Typical XRD pattern of the
samples synthesized at various reaction times are shown in
Fig. 4a, b, c, d, e, f, g. As shown in Fig. 4a, the XRD
pattern of the TiO, sample prepared at 2 h well matched
the XRD diffraction of a blank FTO with peaks at 26°, 34°,
37°,51° and 55°. This is confirmed with the FESEM image
of the sample prepared at 2 h which showed only FTO
morphology. The peaks for samples prepared at 3, 4 and
5 h reaction times as shown in Fig. 4b, c, and d,
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respectively, were a mixed between FTO phase and rutile
phase. The sample prepared at 3 h reaction time has only 1
peak of rutile, which corresponds to plane [101], showing
that r-TNRs have started to grow. For the sample prepared
at 4 h, as shown in Fig. 4c, there are three out of seven
peaks of rutile phase corresponding to plane [101], [111],
and [211]. Starting from the 4th hour, the intensity of FTO
peaks have decreased. Meanwhile, for the sample prepared
at 5 h, Fig. 4d exhibited three FTO peaks with very low
intensity and three same rutile peaks as the sample pre-
pared at 4 h. This can be attributed to the thickness of
r-TNRs/TNFs that has increased with increasing reaction
time. Initially, there is no peak produced at 27.4° for
samples prepared at 2, 3, 4, and 5 h reaction time. As the
time increased, it can be seen that an additional peak
formed, as shown in Fig. 4e—g. This indicates that an
additional nanostructure grew in the thin film sample which
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Fig. 3 Growth mechanism of r-TNR/r-TNF for each reaction time
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Fig. 4 X-ray diffraction pattern of r-TNR/r-TNF with different
hydrothermal synthesis time

is the TNFs. The additional peak at 27.4° represents plane
[110]. Peaks for the sample prepared at 6 h, as shown in
Fig. 4e all corresponds to rutile peaks. For the XRD pat-
terns of the sample prepared at 7 and 8 h, as shown in
Fig. 4f, g, there is one additional rutile peak that can be
seen. The peak located at 56.6° representing plane [211].
This shows that by increasing reaction time, the sample
will have a stronger crystallinity. From the full-width half-
maximum (FWHM) of the samples, the entire peaks
observed gave either a strong and sharp diffraction, or a
weak and sharp diffraction. There is no broad peak

detected thus showing that the entire samples possess good
crystallinity.

From the XRD data, the crystallite size of the samples
can be obtained by using Scherrer’s formula [12]:

.2
~ BcosO

(1)

where, D is the crystallite size, k is the Scherrer coefficient,
A is the CuKa radiation wavelength, B is the FWHM of the
diffraction peak and 6 is the diffraction angle. Table 2
shows the value of crystallite size obtained for each sam-
ple. The crystallite size does not show a significant change
with increasing reaction time. The crystallite size may
change if various temperatures are applied during the
reaction process [7, 13].

Table 2 Crystallite size for each sample calculated from XRD data

Reaction FWHM Crysta]lite
time (h) size (A)

2 0.3542 491

3 0.3149 5.52

4 0.2755 6.31

5 0.3149 5.52

6 0.3936 4.42

7 0.4330 4.02

8 0.4330 4.02
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3.3 Micro-Raman spectroscopy

Raman spectra for blank FTO as a controlled sample were
shown in Fig. 5. The Raman spectra of TiO, thin films
prepared by hydrothermal treatment for 2—8 h are shown in
Fig. 6. The peak positions produced for the sample pre-
pared at 2 h reaction time shows the same peaks as con-
trolled FTO at 555, and 1084 cm~!. For the sample
prepared at 3 h hydrothermal treatment, there are mixed
peaks of FTO and r-TNRs/r-TNFs; at 122, 242, 441 and
622 cm™"' for rutile phase and 555 and 1084 cm™' for
FTO. Beginning from 4 h and above, all peaks are the
Raman shifts of rutile crystal [14—16]. The samples exhibit
dominant peaks at 118 cm ™! (By), 449 cm*I(Eg), and
609 cm™ ' (A, o), which are assigned to the three Raman
active modes of rutile single crystal expressed as A, +
By, + E,. For rutile phase, two prominent maxima at 445
and 609 cm™! [17] are comparable with the entire peaks
produced. In addition, there are second-order scatterings
featured at 241 cm ™' (E,) peak due to the multiple-phonon
scattering process and 690 cm™' broad peak caused by
small r-TNRs/TNFs formed, which is also considered as a
characteristic of rutile type TiO, [18, 19]. The weak and
broad band at 241 cm ™' is likely due to phonon confine-
ment effect where the decrease in particles dimension to
the nanometres scale caused a wave number blue shift and
in this case, broadening of Raman peaks. Raman spectra of
this sample are in E, and A;, mode, as well as the second
order effect as the major feature. Meanwhile, the B;, mode
is either weak or absent. The intensity of the Raman peaks
is enhanced at 5 h reaction time while there are no sig-
nificant changes at 6, 7, and 8 h reaction time. These
changes can be attributed to the crystallite sizes of the
samples [20]. But from XRD, we found that the crystallite

—FTO
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Fig. 5 Micro-Raman spectroscopy for blank FTO as control for this
experiment
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size have no significant changes with varying reaction time
and the Raman spectra behaviour also could not be
explained using the phonon confinement model [21] as the
observed peak does not show any effect of crystallite size.
This abnormal behaviour of the Raman bands may be
caused by the shape and morphology distribution of various
TiO, structures, which affect the peak position and line
width of TiO, Raman bands [11]. From FESEM image, it
can be seen that the TiO, thin film for 5 h reaction was
mostly nanorods which contribute to the c-plane miller
indices on XRD. Meanwhile for 6, 7, and 8 h reaction time,
there were lots of nanoflowers growths on top of the
nanorods thin film making the intensity for c-plane to
decrease. This explains the sudden decrease of Raman
intensity at 118 cm~! for 6, 7, and 8 h reaction time.
Figure 7 shows normalized Raman spectra for 2—4 h.
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Fig. 6 Micro-Raman spectroscopy of nanorods array TiO, with
different hydrothermal synthesis
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Fig. 7 Normalized micro-Raman spectroscopy of nanorods array
TiO, for @ 2H, b 3H, and ¢ 4H hydrothermal time
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4 Conclusion

In this study, we prepared r-TNRs directly on FTO sub-
strate with r-TNFs grown on top of the r-TNRs using a one-
step hydrothermal process. The reaction time was varied
from 2 to 8 h. FESEM images of the resulting structure
show that the thickness of the nanorods increased as
hydrothermal reaction time increased and eventually
decreased at 8 h reaction time due to the hindrance by
abundant r-TNFs. All of the fabricated samples have the
crystalline structure in rutile phase according to the XRD
pattern except for the sample prepared at 2 h reaction that
shows only FTO peaks. Raman spectra of the samples
show abnormal behaviour of the intensity which changes
insignificantly, in addition to shifting of its bands with
increasing reaction time. This behaviour is due to shape,
size and morphology distribution of the r-TNRs/r-TNFs.
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