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ABSTRACT
TiO2 nanorods are synthesized by a thermal corrosion. In present work, synthesis of TiO2
nanorods in anatase, rutile and Ti8O15 phases, by using the sol-gel method and alkaline
corrosion are reported. The morphologies and crystal structures of TiO2 nanorods are
characterized by use of field emission scanning electron microscopy, atomic force microscopy
and X-ray diffractometer techniques. The obtained results illustrate an aggregated structure at
high calcined temperatures with the production of spherical particles. The effects of chemical
compositions and calcined temperatures on surface topography and crystallization of phases are
studied. Moreover, activation energy of nanoparticles formation is calculated during thermal
treatment.
Keywords: Nanostructur, TiO2 Nanorods, Sol-gel method.
1. INTRODUCTION

TiO2 is an important material that is
used in many industrial applications
related to photo-splitting of water [1],
photocatalysis [2], photovoltaic devices
[3], etc. It is known to have three
natural polymorphs, i.e., rutile, anatase,
and brookite. The photocatalytic performance of this compound depends on
the characteristic of the TiO2 crystallites, such as the size and surface the
area. Therefore, modifications of its
physical and chemical properties are of
interest to researchers [4-9]. One
possible way to modify the properties
of TiO2 crystallites is by adding a
second semiconductor into the TiO2
matrix. Many studies addressing both
TiO2 doping with different metals and
the synthesis and characterization of
one-dimensional (1D) nanostructures
(nanowires, nanotubes, nanorods) have
received considerable attention due to
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unique properties and novel applications of these nanostructures [10-13].
Many methods have been successfully
developed for the fabrication of 1D
nanostructures, including vapor-solid,
vapor-liquid-solid and solution-liquidsolid template-based synthetic approaches and laser ablation [14-19].
However, almost all of these methods
either use catalyst materials or physical
templates, which unavoidably bring
some contamination to the products.
Therefore, one has to explore a new
approach to synthesize 1D nanomaterials without using preformed templates
or catalysts. The sol-gel process is
employed quite often for the synthesis
of nanosize catalytic mat-erials. The
incorporation of an active metal in the
sol during the gelation stage allows the
metal to have a direct interaction with
the support.
In the present work, TiO2 nanorod is
synthesized using a hydrolysis pro-
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cedure in simple wet chemical
approach with titanium tetra isopropoxide. The obtained results indicated the nanorod properties depend on
the preparation procedures and calcination temperature.
2. EXPERIMENTAL
2.1 Reagents and Materials

The preparation method of TiO2
nanorods have been cited [4]. The

composition of the starting solution and
the experimental conditions used for
the TiO2 nanorods are listed in Table 1.
Fig. 1 illustrates the preparation
procedures. The precursors, titanium
tetra isopropoxide (TTIP) (Ti(OPri)4,
Merck ≥98%), 0.1 N nitric acid
(Merck≥65%, Ethanol (Merck≥97%)
and distilled water are used without
further purification.

Table 1. Composition of starting solutions and experimental conditions for TiO2 nanorods
preparation.
Method used
Alkoxide route

Method Precursor
step
1
TTIP

Molar ratio (MR)
TTIP /EtOH/H2O
=1:0.022/ 9 .5  10

Stirring
Time (h)
24

pH
5

4

Fig. 1. Schematic flowchart illustrating the steps in the synthesis pathway of TiO 2 nanorods.

The starting point for the synthesis of a
targeted system is a solution prepared
by mixing the precursors. In detail,
according to the molar ratio in Table 1
precursors are chosen (TTIP, deionized
water, ethanol). Then, for precipitation,
ammonia solution is added dropwise so

that pH=8 and is then centrifuged at
1500 rpm to gather the precipitate. The
precipitate is heated at 50 0C for 24 h.
For the formation of a rod shape the
powders are immersed in 10 N NaOH
solution in a teflon balloon at 200 0C in
6 and 12 h. Once more, the powders are
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gathered with a centrifuge and are
purified with 0.1 N nitric acid and
distilled water to eliminate the Na ions.
2.2 Characterization

XRD patterns measured on a (GBCMMA 007 (2000)) X-ray diffractometer. The diffractograms recorded
with ((Kα(Cu), 1.54056Å, 0.02o step
size in which the speed 10o/min) radiation over a 2θ range of 10o–80o.
Transmission electron microscopy
(TEM) (CM10 Philips) was used to
investigate the structure and morphology of the nanorods. Field-emission
electron microscopy (FE-SEM) (S4160 Hitachi) was used to investigate
the morphology of the nanoparticles.
AFM (Easy Scan 2 Flex (Switzerland),
silicon tip was used. The measurements
made at 20 oC and relative humidity of
45%. FT-IR measurement was performed on a 1730 Infrared Fourier Transform Spec-trometer (Perkin-Elmer)
using the potassium bromide as the
background.

3. RESULTS AND DISCUSSION
Crystalline phases of the composite
ceramic have been investigated by
using XRD technique and the results
are shown in Fig. 2. Characteristics of
the XRD peaks are summarized in
Tables 2. As shown in Fig. 2, different
crystalline phases are formed with
different calcination treatments. Fig. 2
also shows the amorphous stru-cture of
as-prepared and 300 oC sample due to
short range ordering of network [15,17,
20]. Therefore, samples obta-ined at
600 oC and 900 oC have a high degree
of crystallinity. The grain size has been
calculated using Scherrer's equation
given by:
k
(1)
r
2  cos 

where β is FWHM observed, shape
factor k is assumed to be 0.9 and λ is a
wavelength of CuKa radiation (0.154056 nm).

Fig. 2. XRD patterns of TiO2 nanorod obtained from as-prepared calcined at 300 oC calcined at 600 oC
and calcined at 900 oC.

Data in Table 2 shows the influence of
calcined temperatures on grain size of
different phases. Gradually the size of

grains increases when the calcined
temperature is increased due to the enlarged chemical bonding.
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The average crystallite size has been
calculated based on the Scherrer’s
formula. It can be indicated that the
crystallite size of rutile increases
rapidly from about 31nm at 600 oC to
145 nm at 900 oC, while crystallite size
of anatase slowly increases. Phase
transformation occurs due to two main
effects: surface energy and precursor
chemistry. At very small particle dimensions, the surface energy is an
important part of total energy and it has
been found that surface energy of
anatase is lower than those of rutile and
brookite [21, 22]. Secondly, crystal

structure stability has been explained
on the basis of a molecular picture,
where nucleation and growth of different polymorphs of TiO2 are determined by precursor chemistry, which
depends on the reactants used [23-25].
Rutile crystals are known to grow
much faster than anatase [26]. So,
generally, with increasing the calcined
temperature, rutile nanocrystals exhibit
larger diameters [27]. Anatase nanocrystals have been reported to be more
stable at extremely small diameters.
However, they have been reported to
exist up to 80 nm.

Table 2. The 2θ angle, d-space, Miller indexes, grain size of TiO2 nanorod.
Crystalline Phase

Calcined at 300 oC

As-prepared
o

Anatase
Tetragonal
o
a=3.8040 A
o
c=9.6140 A
Rutile
Tetragonal
o
a=4.5940 A
o
c=2.9590 A
Ti2O3
Hexagonal
o
a=5.1490 A
o
c=13.6420 A
Ti8O15
Hexagonal
o
a=4.8440 A
o
c=13.2700 A

2Θ d-space( A ) size(nm)

2Θ

25.33

25.15

3.51

11

27.55

3.23

7

27.68

33.2

2.69

4

33.20

29.10

3.06

4

29.00

Calcined at 600 oC

o

d-space( A ) size(nm)
3.52

3.26

34

2Θ

o

d-space( A )

25.60

3.46

Calcined at 900 oC

size(nm)
54

2Θ
25.20

18

27.56

3.23

31

2.65

9

33.00

2.71

13

33.35

3.08

7

29.28

3.05

12

29.8

The particle growth kinetics under
hydrothermal conditions are determined by coarsening and aggregation–
recrystallization processes, allowing
control over average nanoparticle size.
In addition, the crystallite size of Ti2O3
and Ti8O15 increases rapidly from
about 13 and 12 nm at 600 °C to 24 nm
at 900 oC, respectively. This is directly
related to the crystallization of nanoparticles.
Then, straight lines of lnD against 1/T
(Fig. 3) is plotted according to Scott's

o

d-space( A ) size(nm)

27.80

3.55

60

3.20

145

2.69

24

2.99

equation [28] given below under the
condition of homogeneous nanocrystallites growth approximately describing
crystal growth during annealing as
follows:
D=Cexp(-E/RT)
(2)
Where C is a constant, E is activation
energy, R is gas constant, and T is
absolute temperature. The value of E is
shown in Table 3. It shows that the
calcined temperature has a remarkable
effect on nanocrystallites growth.

24
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Table 3. The activation energy of nanoparticles formation.
Crystallite phase
Activation energy kJ/mol
Anatase
Rutile
Ti2O3
Ti8O15

5.78
6.15
5.41
5.81

Fig. 3. Plot of LnD as a function of calcination temperature for the (a) anatase (b) rutile (c)
Ti2O3 (d) Ti8O15

Lattice strain (ε) of nanocrystallites are
determined for dependence of FWHM
(Full Width Half Maximum) on diffraction lines observed in 2θ range of
10-80o on sinθ according to Williamson-Hall's equation [29]:
 cos 

where β
assumed
equation
K ( Cu ) .

k
 4 sin
L

(3)

is FWHM, shape factor k is
to be 0.9 similar to Scherrer
and λ is wavelength of
The plots of βcosθ against

4sinθ for different samples are approximated to be linear. Lattice strain is
determined from the slope of this linear
relation. Because of lowly-crystallized
powder samples, the linearity between
βcosθ and 4sinθ is not very good [30].
The plots of βcosθ against 4sinθ for
different diffraction lines are illustrated
in Fig. 4. For low calcined temperatures, experimental points for diffraction lines are scattered because the
peaks are weak and broad so that their
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FWHMs are difficult to be measured. It
can be seen that lattice strain decreases
by increasing the calcined temperature.
With increasing the calcined temperature up to 600 oC, lattice strain
decreases from 0.8048 to 0.1019 and

with more increasing from 600 oC to
900 oC, lattice strain increases from 0.2783 to -0.0991. This implies that
with increasing calcined temperature,
form of lattice strain varies from external to internal strain.

Fig. 4. Plot Relation between βcosθ and 4sinθ (Williamson-Hall plots) with different calcined
temperatures.

Fig. 5 shows nanorod structure at 900
o
C. As shown in Fig. 5, the diameter is
43 nm and the length is 400 nm. The
FE-SEM images of TiO2 nanorods is
shown in Fig. 6. As-prepared sample
has spherical coverage but contains
many rods. It seems that nanoparticles
are formed in thin rope shape. The
particles with spherical coverage with
diameter about 560 nm is observed.
Fig. 6 shows that the rods are formed at

high temperature viz 600 oC and 900
o
C. Shape of the particles is similar to
each other and likely beco-mes rod in
general at calcined tempe-ratures of
300, 600 and 900 oC. It is seen that
particles agglomerate when calcined at
300, 600 and 900 oC. Agglomeration
may result from the calcination
treatment conditions. How-ever, size
distribution of the particles has not
been determined.
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Fig. 5. TEM image of nanorod structure.

Fig. 6. FE-SEM images of TiO2 nanorods in different calcined temperatures, (a) as-prepared,
(b) 300 oC, (c) 600 oC and (d) 900 oC.

Surface morphology of TiO2 nanorods
is shown in Fig. 7. As shown in this
figure, the islands have quite compact
shape with length of 2 to 3.5 μm, after
the islands are changed into arm-like
shapes. The growth reflects continuous
presentation of dendritic or irregular
pattern while maintaining an arm width
of about 6 μm. In fact, two issues affect

on the rod structures: (i) Diffusion of
adatoms into the matrix at higher
concentration and a larger fraction of
deposited TiO2. These adatoms can
diffuse off of the first island and
condense at the step edge, thereby
thickening the structure. (ii) Formation
of fractals, where nanoaggregates
shapes have been formed. As the linear
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size of islands become larger, a higher
percentage of TiO2 makes up fractal
regions between the arms. TiO2 atoms
in these regions tend to fill in and do
not contribute to further radial growth.
Radial growth, on the other hand, is
slowed to the extent that islands have

not been coalesced and can still be
identified as individual entities. The
dendritic shapes are due to kinetic
limitation existing at room temperature,
which can be concluded from their
thermal instability [31].

Fig. 7. AFM images of as-prepared TiO2 nanorods, (a) topography-scan forward, (b)
topography-3D scan forward, (c) phase-scan forward and (d) roughness and topography-scan
forward.

Surface morphologies are characterized
by average thickness of the sheets,
intervals between the sheet and the
roughness parameters such a Sa, Sm and
Sq shown in Table 5. The parameter Sa
is the roughness average given by:
1 N 1
(4)
S a   Z ( xl )
N l 0

Moreover, Sm is the mean value given
by:
Sm 

1
N

N 1

 Z( x
l 0

(5)

)

and the parameter Sq is the root mean
square given by:
Sq 

1
N

N 1

( Z( x
l 0

Table 5. Roughness parameter of TiO2 nanorods.
Sample
Sa (nm)
Sq (nm)
TiO2 nanorods in Fig. 7. (a)
34.979
54.599

The FTIR spectra of TiO2 nanorods
calcined at different temperatures are
shown in Fig. 8. In the prepared gel,
3200 cm-1 band has to be attributed to
hydroxyl groups from water and
ethanol occluded in titania pore. Besides, OH bending band of water in gel is
observed at 1650 cm-1 and low energy
interval Ti-O band are found at 1061

l

l

)) 2

(6)

Sm (pm)
45.987

and below 1000 cm-1. This band is
more significant at 900 oC. The IR
spectra show characteristic peaks of TiO-Ti (495-436 cm−1) [30]. When the
composite is calcined at 900 oC, highenergy stretching band almost vanishes
and 1650 and 3200 cm-1 bending
vibration band intensity decreases due
to vaporization of the liquid.
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Fig. 8. FTIR spectra of TiO2 nanorod calcined at different temperatures.

4. CONCLUSION

The homogeneous hydrolysis of metal
alkoxide and corrosion with NaOH
provides an excellent technique to
prepare TiO2 nanorod materials. Experimental results indicate that homogeneous hydrolysis of titanium tetra
isopropoxide via sol-gel route is a
promising technique for preparing
photosensitive material by uniform
nanoparticles. The influence of calcined temperatures can affect structural
properties such as size, strain and activation energy. The average crystallite
sizes increase with an increase in calcined temperatures.
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ﺳﺎﺧﺖ و وﯾﮋﮔﯽﻫﺎي ﻧﺎﻧﻮ ﻣﯿﻠﻪﻫﺎي TiO2
م .رﯾﺎﺿﯿﺎن

اﺳﺘﺎدﯾﺎر ﮔﺮوه ﺷﯿﻤﯽ داﻧﺸﮕﺎه آزاد اﺳﻼﻣﯽ واﺣﺪ ﺗﻨﮑﺎﺑﻦ ،ﺗﻨﮑﺎﺑﻦ ،اﯾﺮان
)ﺗﺎرﯾﺦ درﯾﺎﻓﺖ :ﺗﯿﺮ  -1392ﺗﺎرﯾﺦ ﭘﺬﯾﺮش :ﺷﻬﺮﯾﻮر (1392

ﭼﮑﯿﺪه:

ﻧﺎﻧﻮ ﻣﯿﻠﻪﻫﺎي  TiO2ﺗﻮﺳﻂ ﺧﻮردﮔﯽ ﺣﺮارﺗﯽ ﺳﻨﺘﺰ ﺷﺪهاﻧﺪ .در اﯾﻦ ﺗﺤﻘﯿﻖ ﺳﻨﺘﺰ ﻧـﺎﻧﻮ ﻣﯿﻠـﻪﻫـﺎي  TiO2در ﺷـﮑﻞﻫـﺎي
آﻧﺎﺗﺎز ،روﺗﯿﻞ و ﻓﺎز  Ti8O15ﺑﺎ اﺳﺘﻔﺎده از روش ﺳﻞ ژل و ﺧﻮردﮔﯽ ﻗﻠﯿﺎﯾﯽ ﮔﺰارش ﺷﺪه اﺳﺖ .ﻣﻮرﻓﻮﻟﻮژي و ﺳﺎﺧﺘﺎرﻫـﺎي
ﮐﺮﯾﺴﺘﺎﻟﯽ ﻧﺎﻧﻮ ﻣﯿﻠﻪﻫﺎي  TiO2ﺑﺎ ﺗﮑﻨﯿﮏ ﻫﺎي ﻣﯿﮑﺮوﺳﮑﻮب اﻟﮑﺘﺮوﻧﯽ روﺑﺸﯽ ﻧﺸﺮ ﻣﯿﺪاﻧﯽ ،ﻣﯿﮑﺮوﺳﮑﻮب ﻧﯿﺮوي اﺗﻤـﯽ و
ﭘﺮاش اﺷﻌﻪ اﯾﮑﺲ ﻣﺸﺨﺼﻪ ﯾﺎﺑﯽ ﮔﺮدﯾﺪ .ﻧﺘﺎﯾﺞ ﺑﺪﺳﺖ آﻣﺪه ﯾﮏ ﺳﺎﺧﺘﺎر ﺗﺠﻤﻊ ﯾﺎﻓﺘﻪ در دﻣﺎ ﻫﺎي ﮐﻠﺴﯿﻨﻪ ﺑـﺎﻻ ﺑـﺎ ﺗﻮﻟﯿـﺪ
ذرات ﮐﺮوي را ﻧﺸﺎن ﻣﯽدﻫﻨﺪ .اﺛﺮات ﺗﺮﮐﯿﺐ اﺟﺰاي ﺷﯿﻤﯿﺎﯾﯽ و دﻣﺎﻫﺎي ﮐﻠﺴﯿﻨﻪ روي ﻣﻮرﻓﻮﻟﻮژي ﺳﻄﺢ و ﺑﻠﻮري ﺷـﺪن
ﻓﺎزﻫﺎ ﻣﻄﺎﻟﻌﻪ ﺷﺪه اﺳﺖ .ﻋﻼوه ﺑﺮ اﯾﻦ اﻧﺮژي ﻓﻌﺎﻟﺴﺎزي ﺗﺸﮑﯿﻞ ﻧﺎﻧﻮ ذرات ﺑﻪ ﻫﻨﮕﺎم اﻋﻤﺎل ﮔﺮﻣﺎﯾﯽ ﻣﺤﺎﺳﺒﻪ ﺷﺪه اﺳﺖ.
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