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Abstracts

Titanium dioxide TiO2 nanorods were successfully grown on conductive glass FTO substrate 
using the hydrothermal method at a temperature of 160 oC. Surface topography, structure, and 
optical characteristics were studied according to the influence of annealing temperature (450, 
550, and 650) oC. The surface topography results reveal that the TiO2 had nanorods structure with 
a tetragonal shape, and the rod diameter increases from 84.2 nm to 116.6 nm with increasing the 
annealing temperature. The crystal structure of the grown TiO2 NRs exhibits a high crystallinity 
of polycrystalline nature with anatase and rutile phases. The preferential orientation was along 
(204) plane for anatase tetragonal structure. AFM image shows an intense edge, uniform surface 
morphology, and increased grain diameter with annealing temperature. The optical properties 
of TiO2 NRs were investigated, and the absorption edge shows a blue shifting as the annealing 
temperature increases when considering the crystallinity and morphology changes. The energy 
band gap was found to be lower than 3 eV, which can be attributed to the presence of anatase 
and rutile phases with an increment range from  2.72 to 2.86 nm alongside the increase in 
the annealing temperature. The results indicate that the adopted hydrothermal method and the 
synthesized TiO2 NRs were suitable for photovoltaic and photocatalytic applications.

Keywords: Anatase and rutile phases; annealing effect TiO2 nanorods; hydrothermal method; 
surface morphology.

1.Introduction

Titania (TiO2) is one of the well-known 
titanium compounds that is often used 
in various applications. These include 
anti-corrosion, self-cleaning coatings, 
photovoltaics, photocatalysis, and ordinary 
and dye synthesized solar cells (Keerthana 
et al., 2018). There are three different phases 
for a crystalline form of TiO2: rutile, anatase 
phases of (tetragonal structure) and brookite 
of  (orthorhombic   structure)   (Khataee  and
Mansoori, 2011). Both anatase and rutile are 
belonging to different phase groups despite 
the they have a tetragonal crystal structure. 
Rutile TiO2 has a higher (refractive index, 
electric resistance, dielectric constant, 

and chemical stability) than that of the 
anatase phase (Tsevis et al., 1998). At low 
temperatures and acidic medium, brookite 
is often observed (Komaraiah et al., 
2016). Bulk TiO2 is known to be a much 
useful, environmentally friendly, non-
toxic, corrosion-resistant material, sun-
blockers, frequently used in paint and white 
pigments for its white color. It is an n-type 
semiconductor material with an energy 
band gap of 3.02 eV for rutile, 3.23 eV for 
anatase, and 3.13 eV for brookite (Tang et 
al., 1995; Suslick, 1998; Oja et al., 2004; 
Bedikyan et al., 2013; Martínez et al., 2018; 
Byranvand et al., 2013; Seifried et al., 2000; 
Palmisano et al., 1988). TiO2 nanostructure 
can be grown using many various methods
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such as chloride process (Suslick, 1998), 
spray pyrolysis (Oja et al., 2004), sputtering 
(Bedikyan et al., 2013), Sol-gel method 
(Martínez et al., 2018), chemical vapor 
deposition (Byranvand et al., 2013), Physical 
Vapor Deposition (PVD) (Seifried et al., 
2000) and hydrothermal method (Palmisano 
et al., 1988). Hydrothermal synthesis is 
the technique used to fabricate materials at 
low temperatures with high vapor pressure. 
Because the reaction is conducted in 
conditions with a closed system, this method 
is considered the most environmentally 
friendly and saves energy (Zheng, 2016; Idris 
2015). Teflon-lined stainless steel autoclave is 
usually used in hydrothermal synthesis under 
controlled temperature in aqueous solutions 
(Bregadiolli et al., 2017). The materials 
that are synthesized by the hydrothermal 
method have many specifications. This 
includes a high purity, good homogeneity, 
and crystalline safety with narrow grain size 
distribution (Wirunmongkol et al., 2013).  
The latter method is a successful way to 
prepare nanoscale of ZnO, TiO2, and other 
brilliant materials (Reddy et al., 2015). 
     In the present work, vertically aligned TiO2 
Nanorods were successfully synthesized 
from TiCl4 using a facile way hydrothermal 
method at low reaction temperature (160 oC) 
and time (7 h). The effect of high annealing 
temperatures (450-650) oC on the structural, 
surface morphology, and the optical band 
gap was investigated.   

2. Experimental details

2.1. Materials and methods

Hydrochloric acid (HCl) (SDFCL, 35.4%) 
and Titanium tetrachloride (TiCl4) (BDH, 
wt% 99.0) were used. The fluorine-doped tin 
oxide (FTO) conductive glass was used as a 
substrate for TiO2 NRs thin film deposition. 
The distilled water was produced in the 
laboratory. A 40 mL of HCl (6 M) and 0.3 ml 
of TiCl4 were mixed using a magnetic stirrer 
for 15 min. Then, three slides of FTO glass 
were vertically inserted into the Teflon-lined, 

which were previously ultrasonically 
cleaned in the sequence of propanol and 
acetone for 10 min individually. A 30 ml 
of the prepared solution was added to the 
Teflon-lined stainless steel autoclave (40 
ml), heated in an oven up to 160 °C for 7 
h, and then cooled to room temperature. The 
substrates were taken out of the autoclave, 
dried, and annealed at 450, 550, and 650 
°C for  1 h. Finally, a white layer of TiO2 
NRs was obtained on the surface of the FTO 
substrate.

2.2. Characterizations

Structural characterizations of TiO2 
nanostructure films were performed using 
X-ray diffraction (X-Ray Diffractometer, 
DX-2700) with Cu kα. The scanning 
angle varied in the range of (10-70)° at a 
room temperature with a wavelength of  
1.5406  Å. The surface morphologies were 
characterized using field mission scanning 
electron microscope FE-SEM (FEI FESEM 
Nova 450, FEI-Netherlands-Holland). 
The topography of TiO2 nanostructure was 
studied using atomic force microscopy 
(CPSM model AA3000 supply by Angstrom 
Company). The optical characterization was 
studied from the outcome of the absorbance 
and transmittance in the UV-Vis region 
(300-900)nm using a double beam Mega 
2100-Sinco UV-Vis spectrophotometer.

3. Results and discussion

The TiO2 nanostructures micrographs 
obtained from the field emission scanning 
electron microscopy (FESEM) on FTO 
substrate annealed at different temperatures 
are illustrated in Figure1 (a, b and c). The 
micrographs reveal that the TiO2 has a 
nanorods structure with a tetragonal shape; 
their diameters were increased from 84.2 
nm to 100 and then to 116.6 nm with the 
increase of annealing temperature. It can 
be noticed that there is no difference in the 
surface morphology, which can be observed 
among the samples. The latter indicates that
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Fig. 1. FESEM micrographs of TiO2 NRs at the annealing temperature.
(a) 450 oC, (b) 550 oC, (c) 650 oC, (d) cross section and (e) EDX spectrum for TiO2 NRs at Ta 
     X-ray diffraction measurements and 
analysis were utilized to determine the 
structural characterizations and phase 
formation. Figure 2. illustrates the XRD 
pattern of TiO2 nanostructures deposited 
on FTO substrate, which was annealed 
at different temperatures. The strong and 
distinctive TiO2 peaks were found for the

samples that annealed at (450, 550, and 650) 
oC in the diffraction angles of 26.94o, 26.91o 

and 27.0o 36.23o, 36.42o, 36.30o, 38.07o, 
38.22o, 38.12o, 51.67o, 51.84o, 51.60o, 62.63o, 
62.72o, 62.58o, and 66.36o, 66.39o, 66.30o  

respectively. These diffraction peaks were 
assigned to the mixed phases of anatase, 
rutile TiO2 and FTO structure,
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which corresponding to R(110), R(101), 
A(004), FTO(211), A(204), and R(221) 
crystal planes and well matching with 
JCPDS cards A(21-1272), R(21-1276) and 
FTO(41-1445) as shown in the figure. The 
preferential orientation was clearly observed 
along the (204) plane for the anatase phase 
and tetragonal structure. The intensity of 
diffraction peaks was slightly increased with 
annealing temperature, which indicates that 
the crystallinity of nanostructure TiO2 was 
enhanced. These results agreed with the 
literature (Li et al., 2019;  Huang et al., 2019; 
Liao et al., 2015). Table 1. shows the lattice 
constants a and c which were calculated 
for the anatase tetragonal structure of 
TiO2 nanostructure at different annealing 
temperature using the equation (Alkhayatt 
and Hussian, 2015): 

Where d is the interplanar spacing, and 
(hkl) Miller indices, the lattice constants a 
and c values (as shown in Table.1) are well-
matched with (JCPDS anatas-21-1272) 
values, a is (3.7852 Å), and c is (9.5139Å). 
Moreover, the interplanar spacing dhkl 
values were calculated using Bragg›s law 
and matching JCPDS values. 
     The average crystallite size D of 
nanostructure TiO2 films were calculated 
using the Debye-Scherrer equation as shown 
in (Table 1) (Alkhayatta et al., 2018):

where k is the shape factor (equal to 0.94),  
λ  is the X-ray wavelength (1.5406 Å), and β 
is defined as the full width at half maximum 
(FWHM), respectively, whereas Ө is the 
diffraction angle. It was found that the 
average crystallite size values in the range 
of 21.48 to 23.63 nm for the anatase phase. 
This observation indicates that the crystallite 
size of nanostructure TiO2 decreased then 
increased slightly with the increase of 
annealing temperature. The slight variation 
of the crystallite size could be responsible

for the intensity variation in the diffraction 
peak. The result was consistent with the 
published literature (Manikandan et al., 
2015). The dislocation density (δ) and 
microstrain (ε) of the prepared samples was 
evaluated using Williamson and Smallman 
formula (Li et al., 2019; Jaafer et al., 2019):

The dislocation density is the number of 
dislocation lines per unit area, and it shows 
the opposite behavior of the crystallite size 
with the increase of annealing temperatures 
(see Table 1). The number of dislocations 
increases with increasing the grain 
boundaries which contains the dislocations 
and the structure defects, while dislocations 
defects decreased with the reduction of the 
grain boundaries due to the variation of the 
crystallite size (Li et al., 2019;  Huang et 
al., 2019; Zgaira et al., 2019). The lattice 
microstrains increase gradually decrease with 
the increase of the annealing temperature 
from 450 to 650°C, as illustrated in Table 
(1). This indicates that the strain relaxation 
occurs during the heat treatment and 
following the literature (Rožić et al.,  2019; 
Malevu et al., 2019). The anatase to rutile 
phase transformation plays an important 
role in the physical properties of TiO2, which 
is related to the variation in the structural 
defects, which lead to variation in the optical 
and electrical properties of the prepared 
samples (Moamen et al., 2018). The rutile-to-
anatase ratio of the synthesized TiO2 samples 
at different annealing temperatures was 
calculated using XRD results. It was found 
that the rutile/anatase (IR/IA) ratio of TiO2 
annealed at 450oC is 0.107, i.e., the anatase 
phase is a major phase. This ratio increases 
with the increase of annealing temperature 
to 550oC, which confirms that anatase-to-
rutile transformation increases. Whereas 
the rutile/anatase ratio was decreased to the 
lower value of 0.09 at annealing temperature 
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650oC, which means the anatase-to-rutile 
transformation reduced and may reduce the 
structural defects within the electronic band 
structure (Moamen et al., 2018).

     To investigate the surface topography 
of the synthesized TiO2 nanorods, AFM 
analysis was performed. The height profile 
of the TiO2 NRs is shown in Figure 3. AFM 

Fig. 2. XRD patterns of TiO2 NRs deposited on FTO for different annealing temperature (a) 
450oC, (b) 550oC, (c) 650oC.

Table 1. The XRD results of TiO2 NRs anatase phase for (204) plan.

image shows the intense edge, uniform surface 
morphology, and a spherical feature observed on the 
surface. Table 2. illustrates the average roughness, 
root means square, and the grains average diameter 
for each sample. Surface Roughness and RMS  
Roughness were increased and then decreased 
by increasing annealing temperature from 450 to 
550oCand then to 650oC, while the grain diameter 
was decreased and then increased. 

These results indicate that the surface 
morphology was strongly dependent 
upon the annealing temperature, while the 
dramatic morphology change may be due 
to the crystallinity of the prepared TiO2 NRs 
with the increase of annealing temperature. 
The results are well matched with XRD 
results and agreed with the findings reported 
by (Muaz et al., 2015;  Bakri et al. 2017).
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Fig. 3. AFM analysis of TiO2 NRs deposited on FTO substrate for different annealing temperature 
(a) 450 oC, (b) 550 oC, (c) 650 oC.

Table 2. AFM analysis results of TiO2 NRs annealed at 450, 550, and  650 oC temperatures.

     The UV-Vis transmittance spectra 
were investigated to study the influence of 
annealing temperature on the absorption 
edge of TiO2 NRs. Figure (4 a and b) shows 
the optical transmittance and the optical 
absorbance spectra corresponding to Tauc 
relation (Alkhayatt et al., 2019;  Kokaj et al., 
2018; Sumaryada et al., 2019): 

Where A is constant, α is the absorption 
coefficient; Eg is the optical energy gap, ν is 
the frequency of the incident photon, h is the 
Planck constant. The transmittance was very 
low in the UV region and at the beginning 
of the Vis region because of the absorption 
edge of TiO2, then it rapidly increases with 
the increase of visible wavelengths and 
reaches its higher values of about 75% at the

NIR region. The transmittance was varied 
with random sequence, with the increase of 
annealing temperature as shown in figure 
(4a), which can be related to the variation 
of the crystallite size and grain diameter, 
which led to varying the dislocation and the 
scattering centers due to the crystal defects 
at the grain boundaries (Keskenler et al., 
2012; Alkhayatt and Hussian 2017) [34, 
35]. The influence of increment of annealing 
temperature on the optical energy gap of 
TiO2 NRs was determined by using equation 
(5). From Figure 4 a, in general, it can be 
seen that the absorption edge was red-shifted 
towards long wavelengths and low energies 
by the increase of annealing temperature, 
which can be referred to as the enhancement 
of  TiO2 NRs crystallinity (Allam and El-
Sayed, 2010). Therefore, the optical energy

Hydrothermally growth of TiO2 Nanorods, characterization and annealing temperature effect 



gap value for the direct transition was decreased 
from 2.81 eV to 2.77 eV and then increment 
to 2.835 eV with the increment of annealing 
temperature from 450 to 550 oC and 650 oC, 
respectively. This variation in the energy gap 
of the annealed TiO2 NRs can be attributed to 
the structure and morphology of the NRs where 
the average crystallite size and the average 
grain diameter were decreased at annealing 
temperature 550 oC, which led to increasing 
of crystal defects and, in turn, the defects levels 
introduced into the bandgap and reduced the 
forbidden gap. On the other hand, the crystallite 
size and the grain diameters were increased at 
an annealing temperature of 650 oC, so the

crystal defects were reduced. The defect 
levels were removed from the bandgap and 
widening the energy gap. These results were 
consistent with the literature (Daneshvar et 
al., 2019;  Alkhayatt et al., 2018) [20, 23]. 
The energy gap values were lower than 
3 eV; the narrowing of the band gap can 
be attributed to the existence of structural 
defects in the synthesized TiO2 nanorods.  
Where the decrease in the crystallite size 
and particle size leads to the increase in the 
ratio of surface to bulk defects and, in turn, 
increased the conduction and valence bands 
tailing, resulting in a narrower band gap (El-
Sayed et al., 2017;  Soliman et al., 2018).

Fig. 4. (a) UV–Vis Transmittance spectra and (b) optical band gap of TiO2 NRs annealed at 450 
oC, 550, and  650 oC temperatures.

4. Conclusion

TiO2 nanorods were successfully synthesized 
on FTO conductive glass substrate by the 
hydrothermal method. The deposition 
parameters and conditions were as follows: 
6 M  concentration of HCl, 160 oC and 7 
h reaction temperature and time, 0.3 ml of 
TiCl4 solution content, 450 C°, 550 °C, and 
650 °C annealing temperatures, for 1 h were 
selected as the optimal conditions. Surface 
topography results reveal that the nanorods 
were tetragonal in shape, quadrate face 
diameter of the nanorods was 84.2  nm, 100 to 
116.6 nm as annealing temperature increased. 
TiO2 nanorods were arranged in the xz plane, 
i.e., they prefer to grow in the plane (204) 
of the tetragonal anatase TiO2 crystal. XRD 
results show the successfully fabricated TiO2 
nanorods with the desired size and

preferential anatase phase using titanium 
tetrachloride as a starting material. The optical 
transmittance was increased, and the fundamental 
absorption edge was blue-shifted with the increase 
of annealing temperature. The obtained results 
indicate that TiO2 NRs material is very suitable 
for photovoltaics and photocatalysis applications. 
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