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Abstract: Nanostructured metal oxides are gradually being interesting for their remarkable properties and
mechanical fields. Many methods have been used for the preparation of nanostructured metal oxides. Here we
report the synthesis of TiO, nanoparticles by anodization method at the same time optical and structural
characterization was also conducted. Anodization is an electrolytic passivation process used to increase the
thickness of the natural oxide layer on the surface of metal parts. Anodization was carried out using a two-
electrode configuration. The close packed titanium was attached to a copper rod to form the working electrode.
The titanium rod was protected by a non-conductive epoxy in order to avoid being anodized in the electrolyte. A
platinum sheet (2.0x1.5cm?) connected to a copper wire was used as the counter-electrode. Anodization was
conducted in 0.5ml HF with (50ml distilled water) and 0.5ml glycerol in (50 ml distilled water) with potentials
ranging from (3-10) V for 2 hours at room temperature. Anodization changes the microscopic texture of the
surface and changes the crystal structure of the metal near the surface. Ultraviolet-Visible Spectroscopy (UV-
Vis) and X-Ray Diffraction (XRD) were carried out to characterize the optical and structural properties of the
synthesized samples respectively. Optical absorbance study in the photon wavelength range between 300 and
600 nm reveals that strong absorbance peak is positioned around 423 nm (2.93ev) whereas visible energy band
is almost transparent for the materials. Based on X-ray Diffraction, TiO, nanparticles grown through
anodization are amorphous. Interestingly, very small nanoparticles below 5 nm, have been shown using Stokes-
Einstein equation to have unusual structural disorder that can substantially modify the properties of
nanoparticles.
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l. INTRODUCTION

The research realms of fabrication and application of nanomaterials have attracted more scientists and
engineering from various disciplines in the recent years. Nanomaterials often have novel properties which are
yet to be investigated. On the other hand, our knowledge of nanoscale chemical processes for these materials is
also very limited. One example is formation of nanoporous anodic metal oxides. Anodic metal oxides have
diverse applications in prevention of corrosion of metal substrates from their service environment [1], forming
capacitor dielectrics [2],[3], templating nanomaterials [4]-[9] and in many other fields such as catalysis, optics
and electronics [10]-[13]. The best known porous anodic oxide, anodic titanium dioxide (TiO,), is now
commercially available because its pores can be used as template for preparing various nanoparticles, nanowires
and nanotubes. On the other hand TiO, nanopaticles have wide applications in photocatalysis, gas sensors,
photoelectrolysis and photovoltaics. It has been widely accepted that the formation of the pores in anodic TiO,
is based on two continuous processes, one is oxide dissolution at the electrolyte/oxide interface and the other is
oxidation of metal at the oxide/metal interface. In fact, the formation mechanisms of these pores, often
hexagonally ordered, are much more complicated than people normally predicted. Although the formation
mechanism, pore ordering, pore size control have been extensively studied [14]-[16] and many efforts have been
made to optimize the anodization conditions for these films [17]-[19], there is still much work to do in order to
fully understand the electrochemical process during the anodization. Here we conducted the optical and
structural studies of (TiO,) nanoparticles using UV-Vis and XRD and understanding the formation mechanism
of anodic titanium dioxide (TiO,) nanoparticles.

1. FORMATION OF NANOPARTICLES

It is widely accepted that the key processes responsible for the formation of (TiO,) nanoparticles
should be:
(1) oxide growth at the surface of the metal occurs due to an interaction of titanium with O?~ or OH™ anions;
(2) Ti** cations migrate from the oxide/metal interface to the electrolyte/oxide interface and are ejected into
solution by an electric field;
(3) field assisted dissolution of the oxide at the electrolyte/oxide interface.
Consequently, the principal chemical reaction at the hydroxide/metal interface should be:
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Ti+xOH™ — Ti (OH) x +4e”
Titanium hydroxide decomposes to form TiO, at the oxide/hydroxide interface. The overall reaction at the
electrolyte/oxide interface was proposed to be:
TiO,+ nH,0 + F~ — [TiFg]* + O, + OH™ + H'
where n was introduced to indicate the ratio of the dissociation rate of water to the dissolution rate of TiO,.
Here, water dissociation and OH™ ionic migration should not be ignored.

. EXPERIMENTAL DETAILS

It is of great technological interest to form TiO, nanoparticles from close packed titanium rod.
Recently, some groups have successfully developed the technology to grow nanoparticles from titanium rod
using anodization. Although the electrochemical surface process is the same as for bulk titanium foils, titanium
rod may be rapidly etched away in acidic HF or neutral fluoride-containing solutions (forming soluble [TiFe]*
complexes) because the chemical dissolution rate is considerably high [20] and the quality (density, uniformity)
of the titanium rod and the anodization parameters are critical to the formation process of titanium nanoparticles
[21],[22]. Moreover, the electrolyte was kept at low temperatures in order to decrease the chemical dissolution
rate of the oxide layer formed in acidic solution. So far, several different electrolytes have been used for
producing anodic (TiO,) nanoparticles. Gong, et al. reported their anodic (TiO,) nanoparticles preparation in a
0.5 wt% HF aqueous solution at room temperature using different anodizing voltages, from 3 to 20 V [23]. It
was noticed that the film thickness could not be increased further from 400-500 nm using HF-based electrolyte.
Fluoride solution can help to dissolve TiO, by forming [TiFs]>~ anions. However, too strong acidity of HF-
solution results in a too fast dissolution of the formed TiO, nanoparticles. Mixture with other acids did not help
very much, but the quality of the nanoparticles could be varied. Mor et al. reported that addition of acetic acid to
a 0.5 wt% HF electrolyte in a 1:7 ratio resulted in more mechanically robust nanoparticles without changing
their shape and size [24],[25]. The acidity of the electrolyte might be tuned by adding HF, H,SO,4 or Na,SO, in
order to adjust the balance of dissociation of titanium at the electrolyte/oxide interface and oxidation of titanium
at the oxide/metal interface [26],[27]. Fig. 1 shows the schematic of anodic TiO, experiment.
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Fig. 1 The schematic of anodic TiO, experiment

It is very difficult to form Ti rod from Ti sheet because of its high melting point (1668° C). Therefore, in this
work, titanium granules were packed under high pressure to form titanium rod working as an electrode and a
platinum sheet (2.0x1.5 cm?) was used as the counter-electrode. It was suggested that the successfully achieving
nanoparticles was to minimize water content in the anodization bath to less than 5%. As with organic
electrolytes donation of oxygen is more difficult in comparison with water, thus reducing the tendency to form
oxide and slowing down the process of the nanoparticles growth. At the same time, the reduction in the water
content reduces the chemical dissolution of the oxide in the fluorine containing electrolytes and hence aids the
nanoparticles formation. In this experiment TiO, naoparticles was obtained by anodization using HF/glycerol
electrolyte where solution containing 0.5ml HF in (50ml distilled water) and 0.5ml glycerol in (50 ml distilled
water) with potentials ranging from (3-10) V for 2 hours at room temperature.

V. SYNTHESIS
Since Zwilling et al demonstrated the possibility of growing self-organized and ordered TiO,
nanoparticles by anodic oxidation of titanium and its alloys [28], there have been many attempts to improve the
structure and to exploit the functionality of these highly organized structures [29],[30]. In view of exploiting
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specific TiO, properties, a good deal of attention has been given to applications in photovoltaic cells [31],
photocatalysis [32], sensing [33] and wettability-based templates [34] due to the unique physical and chemical
properties. Many approaches such as templated synthesis, hydrothermal reaction and anodic oxidization have
been developed for the preparation of TiO, nanoparticles. Among them, anodic oxidization is a relatively simple
technique that can be easily automated for preparing nanoparticles. Anodization was carried out using a two-
electrode configuration. The experimental setup is shown in Fig. 2.
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Fig. 2 An experimental setup for the synthesis of titanium dioxide (TiO,) nanoparticles by anodization

The close packed titanium was attached to a copper rod to form the working electrode. The titanium
rod was protected by a non-conductive epoxy in order to avoid being anodized in the electrolyte. A platinum
sheet (2.0x1.5 cm?) connected to a copper wire was used as the counter-electrode. The distance between the
working and counter-electrodes was kept at 3.0 cm. A dc power source (model GPS-3030D) supplied the
required anodization potential in a single step (without ramping). Anodization was conducted in 0.5ml HF with
(50 ml distilled water) and 0.5 ml glycerol in (50 ml distilled water) with potentials ranging from (3-10) V for 2
hours at room temperature. Clearly, active passive transition occurred at the beginning of the experiment and
then a second current increase occurred at about 3300 mV in the HF electrolyte. Such behavior is frequently
observed in the aqueous fluoride-containing electrolyte for anodic pore-forming reactions that display self-
organization. However, this phenomenon is not obvious in the glycerol electrolyte due to its high dielectric
constants and viscosity. A low current density was found in the viscous electrolyte, which is one-tenth of the HF
electrolyte. This indicates that the anodization process is controlled by diffusion and hence the dependence of
the diffusion constant on the viscosity in a Stokes—Einstein manner: D = kgT/6mnr, where kg is Boltzmann’s
constant, T is the absolute temperature, n is the dynamic viscosity and r is the radius of a spherical body.
Therefore, a lower current density with weaker local acidification and lower chemical dissolution rate of the
nanoparticles can be obtained for viscous electrolytes. During the anodization process the current rises and then
drops to a minimum because of the formation of compact oxide layer. After an initial decrease, the current
increases slowly for a short time as the titanium nanoparticles start to form. Then the current starts to decay
again as the titanium nanoparticles become thicker and more resistive while the titanium rod below the oxide
layer becomes thinner. As the last of the Ti rod is consumed, the current suddenly increases because the
electrolyte, especially for aqueous solution is interacting. At this point, the sample must be quickly removed
from the electrolyte to preserve the nanoparticles or else it will be consumed by the HF. The liquid sample was
then mounted in the sample chamber while pure distill water was taken in the reference beam position for the
optical absorption study of the sample using UV-VIS 1700 Shimadzu spectrophotometer and band gap energy
was calculated from the absorbance curve. Structural studies of anodic (TiO,) nanoparticles were obtained from
X-ray diffraction (XRD) Philips PW 3040 powder diffractometer using Cu Ka radiation source.

V. RESULTS & DISCUSSION
1. Optical Absorption Spectroscopy
Optical absorbance is a powerful method to determine the energy gap and particle size as well as
optical properties of the samples. The optical absorbances of the nanoperticles were observed using double
beam automated spectrophotometer SHIMADZU (UV-1700pc). The absorption spectrum of a semiconductor
defines its possible uses. The useful semiconductors for photocatalysis have a bandgap comparable to the energy
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of the photons of visible or ultraviolet light, having a value of Eg < 3.5 eV. The majority of authors have
determined that in TiO, the rutile has a direct band gap of 3.06 eV and an indirect one of 3.10 eV and the
anatase has only an indirect band gap of 3.23 eV [35],[36]. However, Reddy’s work [37] shows that a bandgap
of anatase phase from the plot for indirect transition are quite low (2.95 — 2.98 eV), which led them, contrary to
the other authors, to conclude that the direct transition is more favorable for TiO, nanoparticles with anatase
phase. There have been reported values in the literature from 2.86 to 3.34 eV for the anatase phase.
Here in, UV-Vis absorption spectra were taken in the photon wavelength range between 300 and 600 nm. Fig. 3
shows the UV-vis absorption spectrum of electrochemically synthesized TiO, nanoparticles dissolved in distill
water. As in Fig. 2 the optical absorption peak has been found at 423 nm (2.93eV). Furthermore, the band gap
energy and the diameter of TiO,nanoparticles could be obtained by applying the following equations [38]- [40].
(a'h v)n = A(hv — Eg) (1)
where Eg is the absorption band gap, & is the absorption coefficient, hv is the photon energy, A is the absorbance
and n is either 2 for a direct band gap material or ¥ for indirect band gap material. When a semiconductor
absorbs photons of energy larger than the gap of the semiconductor, an electron is transferred from the valence
band to the conduction band where there occurs an abrupt increase in the absorbency of the material to the
wavelength corresponding to the band gap energy. When, in this transition, the electron momentum is
conserved, the transition is direct, but if the momentum does not conserve this transition it must be attended by a
photon, this is an indirect transition [41],[42]. Using (1) and considering the value n=2, we can determine the
corresponding band gap of the sample which have been found to be 2.93 eV. The band gap energy of bulk TiO,
can be calculated by using the following equation:
h2z%| 1 1 | 1.786e?
EEbUIk_'_T[m_e_'—m_h}_ R @)
where E is the band-gap energy of the nanoparticle as determined from the UV-VIS absorbance spectrum; Epyi
is the band-gap energy of bulk TiO, at room temperature, h is Planck’s constant, R is the particle radius, m, is
the effective mass of conduction-band electron in TiO,, my, is the effective mass of valence-band hole in TiO,; e
is the elementary charge, € is the relative permittivity of TiO,. A derivation of this equation is presented
elsewhere [43],[44]. The band gap of nanoparticles can be calculated using the cutoff wavelength obtained from
the absorbance spectrum of a TiO, nanoparticles.
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Fig. 3 Optical absorption spectra of TiO, nanoparticles in the photon wavelength range between 300 and 600 nm

Here it is also observed that TiO, nanoparticles is transparent in visible region and shows almost sharp
absorbance peak around 2.93 eV. The value n=1/2 does not produce any meaningful data for the band gap
energy which corresponds that TiO; is a direct band gap type semiconductor.

2. X-Ray Diffraction Study

XRD is a very important experimental technique that has been used to address all issues related to the
crystal structure of solids, including lattice constants and geometry identification of unknown materials. The X-
ray diffraction (XRD) patterns for titanium dioxide samples were recorded on a SHIMADZU-6000pc X-ray
powder diffractometer with Cu Ka radiation (Cu Ko: A = 1.5406 A) with 26 ranging from 10° to 80° at the
speed of 2°min™. The samples were deposited on the glass substrates. Based on X-ray Diffraction, nanparticles
grown through anodization are amorphous [45]. Fig. 4 shows and proves that the XRD of the synthesized TiO,
nanoparticles through anodization in an electrolytic solution is amorphous.
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Fig. 4 XRD patterns of amorphous TiO, synthesized by anodization method

There are some important causes for a synthesized TiO, nanoparticles through anodization is
amorphous. However, some researchers have different opinions. Macak et al. suggested that oxide dissolution in
the growth of anodic titanium dioxide was a dominant factor rather than the electric field aided ion
transportation. As the dissolution rate of titanium dioxide greatly depend on the local acidity in an F-containing
electrolyte, the pores grow at the higher acidic pore bottom rather than the low acidic pore mouth [46]-[48]. This
method cannot explain the regular shape and ordering of the pores at an early stage. It is even more difficult to
elucidate the formation of the gap between the nanoparticles using this method. Therefore, the XRD report using
this method is amorphous. In Fig. 4, a decreasing of the peak intensity of the anatase phase in materials with
quantities of water below the stoichiometric ratio (Riwaermy= 5 and Rygery= 0.1) was observed and an
amorphous material was obtained due to limited hydrolysis of the titanium precoursor. Interestingly, very small
nanoparticles, below 5 nm using Stokes-Einstein equation have been shown to have unusual structural disorder
that can substantially modify the properties of nanoparticles.[49],[50] Using a combination of small-angle and
high energy wide-angle X-ray scattering measurements, Gilbert et al. investigated interior strain and disorder of
nanoparticles directly using real-space pair distribution function analysis. For spherical particles, the measured
diameters from different instruments can be related because no corrections need to be made for shape. But for
nonspherical particles or agglomerates and aggregates that are irregularly shaped the difference in measurements
creates a need to define a volume equivalent diameter, D,e, which is defined as the volume of sphere with the
same volume as a particle with an irregular shape. The relationship between D, and Dy, is given by-

D, = D,, Cs(Dve) ?3)

#Cs(Dpy)
where x is the dynamic shape factor, and Cy(D,,) and Cs(D,e) are the Cunningham slip factors for the mobility
and volume equivalent diameters, respectively. For spherical particles, the dynamic shape factor, x is equal to
one, and the volume equivalent diameter (D.e) is equal to the measured mobility diameter (D,,). The shape factor
is typically determined from the relationship between aerodynamic diameter, D, , and mobility diameter:

D =D ZBIZ pOCS(Dm )\/ Cs(Daj (4)
" ? ppcs(Dve )3/2
where py is the reference density (1 g cm™), P, is the density of the particle, and Cy( D, ) is the Cunningham slip

factor for aerodynamic diameter and other quantities as defined above. For spherical particles the dynamic shape
factor, ¥, is equal to one, and the volume equivalent diameter (D.e) is equal to the measured mobility diameter
(Dm) and the D, is related to Dy, through density.

VI. CONCLUSION

The synthesis of TiO, nanoparticles by anodization method was first conducted then the optical
characterization and structural characterization were done. Anodization changes the microscopic texture of the
surface and changes the crystal structure of the metal near the surface. UV-Vis, XRD were carried out to
characterize the optical and structural properties of the synthesized samples. Optical absorbance study reveals
that strong absorbance peak is positioned around 423 nm (2.93ev). For the visible energy band it is almost
transparent for this material. Based on X-ray Diffraction it is clear that TiO, nanparticles grown through
anodization are amorphous.
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TiO, is an interesting material and there is much more scope for further work as far as TiO,
nanoparticles has been investigated extensively. The hydroxide layer and surface ridges in anodic TiO, may be
useful in improving the quality of the anodic TiO, nanoparticles. As mentioned in the present review, there are
still many unsolved problems, e.g. refinement of the anodization conditions, confirmation of the formation
mechanism, theoretical study and more accurate calculation of the water dissociation on oxide surface under a
electric field, control of the pore size and porosity, full crystallization of anodic TiO, nanoparticles and
discovery of more applications of the porous anodic metal oxides, etc. It is even more difficult to elucidate the
formation of the gap between the nanoparticles using this method. Another area which can be further exploited
is the study of the optical properties of nanocrystalline TiO,, So far, there have been very few reports on the
optical properties of nanocrystlline TiO,. SEM, photoluminescence studies and non linear optical studies of
nanocrystalline TiO, at low temperature is another area where further work is possible and much useful and
interesting results can be obtained.
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