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Abstract
Anatase titanium dioxide nanoparticles were synthesis by anodization of titanium foil in sodium sulfate solution at pH 3,
containing 1–5 mmol·L-1 of Fe2+ cations as a FeSO4 salt. During the anodization, from 0.05 to 0.1 mol·L-1 H2O2 was added
dropwise to the electrolyte to performed Advanced Oxidation Processes, based on hydroxyl radical formation by H2O2
decomposition in the presence of Fe+2 ions in acidic medium. The anodization voltage varied from 10 to 20 V. The size of the
synthesized particles of TiO2 ranged from 30 to 50 nm, which the morphology and structure of which were described by scanning
electron microscopy (SEM) images and XRD pattern. The photocatalytic activity of TiO2 nanoparticles, obtained by the
described method was studied by using the photo-destruction reaction of the methylene blue in an aqueous solution under the
influence of ultraviolet irradiation. The dye-sensitized solar cells (DSSCs) were fabricated by the obtained TiO2 and exhibited the
light to electric energy conversion efficiency -5.54%, the short circuit current density - 14.3 mA· cm-2, the open circuit voltage 0.72 V, and the fill factor -52.46%.
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1. Introduction
TiO2- Naotubs (TiO2-NT) with controlled morphologies
and in large quantities can be obtained by several
well-established synthetic methods, such as hydrothermal,
sol-gel and electrochemical synthesis. Anodization is
particularly interesting due to the production of TiO2-NT
directly attached to the Ti substrate foil [1-4]. The Ti
anodization to form oxide layers have been investigated for
decades, using different electrolytic conditions such as
different acids, organic solvents, and salt solutions. However,
the first results that showed nanotube were obtained by
Zwilling et al. in 1999. [5]
Current interest is focused on the use of TiO2 nanoparticles
for the development of dye-sensitized solar cells (DSCs), which
have been attracted much attention as a viable alternative for
solar energy conversion. TiO2 has been known to show three
distinct polymorphs: rutile, anatase, and brookite. The anatase

and rutile are the most intensively investigated phases. The
metastable anatase phase usually has much higher
photocatalytic activity than that of the stable rutile one.
In Ti electrochemical anodization process fluoride ions are
critical and may be impossible to replace as a catalyst for the
synthesis of TiO2 nanotubes arrays by anodization, due to their
unique property of reacting with Ti forming the TiF6 2complex, which was furthermore dissolved into the solution.
Various electrolytes, such as HF, HF/H2SO4, KF/NaF,
NH4F/(NH4)2SO4, (NH4)H2PO4/NH4F, H3PO4/HF and
HF/acetic acid have been used to form the TiO2 nanotube
arrays [6-14].
Nageh K. Allam et al. [6] fabricated of ordered TiO2
nanotube arrays by Ti anodization in a fluoride-free 3MHCl
electrolyte. The process was carried out and studied at 13 V
with obtaining arrays of nanotubes more than 300 nm in length,
15 nm in diameter, and 10 nm wall thicknesses. An increase of
anodizing voltage up to 20 V, did not give positive results. The
effect of 0.1–0.5 mol·L-1 H2O2 addition to aqueous and
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ethylene glycol (EG) solutions containing 0.5 mol·L-1 HCl on
the formation of TiO2 nanotubes were investigated. The
presence of H2O2 expands the processing window for
fabricating TiO2 nanotube arrays in the HCl + aqueous
electrolytes. Nanotube arrays of up to 860 nm are formed in
aqueous HCl + H2O2 electrolytes over an anodization potential
window of 10 V to 23 V [15].
In Jin-Ming Wu work, TiO2 nanorods were prepared through
oxidation of Ti plates or powders with hydrogen peroxide
solutions at a low temperature of 353 K. The crystalline titania
came into being through a dissolution-precipitation mechanism.
The crystal phases can be controlled by adding anions of F-, Cland SO4-2 into the solution. The addition of F- and SO42- helped
the formation of pure anatase; while the addition of Cl- favoured
the formation of rutile. The anions were supposed to affect the
precipitation rate and hence the resultant crystal phases of the
titanium nanorods. [16]
The main goal of this work is to use the Fenton reaction in
the synthesis of TiO2 nanoparticles by anodization Ti foil in
Na2SO4 solution, to study the morphology of the obtained
samples and their photo-electrochemical properties.

2. Experimental
2.1. Reagents, Methods and Equipment
Chemicals in the experiments: Na2SO4, H2O2, isopropyl
alcohol, ethyl alcohol and FeCl2 grade of “Chemically pure
reagents” were used. Solutions were prepared using water from
the water purification system. TiO2 nanoparticles were obtained
by anodization of pure titanium foil (99.6%, 0.5 mm thickness).
The TiO2 nanoparticles have been investigated by X-ray
diffraction (XRD) DRON-3M and scanning electron
microscopy (SEM) Shimadzu ssx-550. Electrochemical
oxidation of Ti foil was carried out by DC power supply.
UV-visible spectra of the samples were examined over the
range of 320–1100 nm by Hach DR-4000 spectrophotometer.
The TiO2 nanoparticles arrays were prepared in a cylindrical
chemical glass (250 ml). The anodization was carried out using
two electrodes that were distanced by 50 mm. Ti foil of 5 cm2
was used as an anode and graphite of 5cm2 as a cathode. The
electrolyte for anodization was the 0.1moli·L-1 Na2SO4 water
solution with pH 2-3, the electrolyte pH was maintained by
H2SO4 and controlled by pH meter (HI 8424 microcomputer
pH-meter, the electrolyte has additive of 1 mmol-5mmol Fe2+
cations as a FeSO4 salt. During the anodization in the electrolyte
drop by drop was added 0.05 to 0.1 mol l-1 H2O2 water solution
to performed Advanced Oxidation Processes (AOPs). One of
the most frequently used AOPs is Fenton reaction (1), based on
hydroxyl radical formation at H2O2 decomposition in the
presence of Fe+2 ions in acidic medium [17-19]:

reduction of Fe3+ to Fe2+ and leading to Fe2+ ions regeneration.
The experiments were performed at 90°C degree
temperature under magnetic agitation with steering rate 800
rpm. Anodization was carried out at constants voltage 10v, 12v,
14v and 20v for 60 min. Before anodization, the samples of Ti
foils were polished by sandpapers (silicon carbide 1500
through 2500 grit), followed by polishing with alumina to a
mirror image and cleaning in ethanol under ultrasonication
and dried with an argon stream.

Figure 1. Synthesis of TiO2 nanoparticles by anodization of Ti foil.

The obtained TiO2 samples were rinsed in ultrapure water,
dried at 100°C temperature and annealed during 2 hours at the
450°C.
After
calcination,
the
morphology
and
photo-electrochemical properties of the TiO2 samples were
investigated.
A dye-sensitized solar cell (DSSC) was made by using TiO2
with particles sizes ~50nm - 250 nm. Indium-tin-oxide (ITO)
coated glass (TCE 8Ω cm-1) was purchased from Delta
Technologies Ltd. The USA. The ITO glass was washed with
acetone and treated in an ultrasonic bath for 5 min. 2g of TiO2
powder was mixed with 15 ml of ethanol and stirred using a
magnetic stirrer for 30 minutes to form TiO2 paste. The TiO2
paste was covered on top of ITO conductive glass of 40 mm
x40 mm by spray gun. The ITO coated with TiO2 was then
heated at 450°C, during 120 minutes in a thermal furnace
(5°C/min). As a dye was used Ruthenizer 535-bisTBA (from
Solaronix SA). After the annealing process, when the
temperature of the film paste drops to 20°C, the coated glass
was immersed into in the Ruthenizer 535-bisTBA dye solution
during 24 hours. The excess non-adsorbed dye was washed
using with anhydrous isopropyl alcohol and dried at 60 of
temperature during 4 hours. I-/I3- acetonitrile solution was used
as an electrolyte. 0.05 g solid iodine and 0.375 g potassium
iodide were added to 5 ml of acetonitrile and heated till the
iodine has dissolved. The prepared Iodide/Tri-iodide
electrolyte solution had a dark reddish-brown colour. The
cathode was made by ITO glass and Pt catalyst. The cathode
was made by thermal reduction of H2PtCl6 solution (in
isopropanol alcohol) at 450°C.

Fe2+ + H2O2 → Fe(OH)2+ + ·OH → Fe3+ + ·OH + OH‾ (1)
Fenton reaction is performed in acidic medium (pH~3) for
keeping Fe2+ catalyst in soluble form and for elevation hydroxyl
radical, which has highest oxidation potential Е 0 ·OH = 2.8 V.
The Fe3+ cations did not accumulate in the solution, due to the

Figure 2. ITO coated with TiO2, without and with dye Ruthenizer 535-bisTBA.
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2.2. Assembly of the DSSC
The coated surface of the anode and the cathode were
brought together. The electrolyte was introduced between the
electrodes. The electrical measurement was carried out by
taking out leads from the ITO coated surface of the electrodes.
The morphological and electrical characteristics of the
components of the dye-sensitized solar cell were tested and
the results were analyzed.
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Where Pin is the illumination input power at the surface of
the DSSC.

Figure 4. Experimental setup of the DSSC for I-V characterization.
Figure 3. Assembly of the DSSC.

The fabricated DSSC was tested for its electrical
characteristics by a solar simulator, it has a xenon lamp and
the light illumination intensity was 1000 W·m-2. The fig. 4
shows the circuit diagram to find V-I characteristics of the
fabricated DSSC. A load resistance of 100 kΩ to 0.1 Ω was
connected between the output terminal, the current and
voltage were registered by the multi-meters. By varying the
load resistance of the cell, output voltage and current were
obtained. The measurement devices were M2015
amperemeter and M106 voltmeter. From the resultant of the
I-V graph, the fill factor of the DSSC can be calculated as
shown in equation 2
FF = (I max x V max) / (I sc x V oc),

(2)

Where Imax and Vmax referred to maximum photocurrent
and photo-voltage at maximum power output (Pmax). While
the Isc referred to short-circuit photocurrent and Voc is
referred to open-circuit photovoltage. The efficiency of the
solar cell is defined as equation 2,
η = P max / P in,

3. Result and Discussion
3.1. XRD Patterns
The XRD analysis of the prepared sample of TiO2
nanoparticles was done using a diffractometer, Cu-Kα X-rays
of wavelength (ʎ)=1.5406 Å, data was taken for the 2θ range
of 10 Å to 60 Å. The XRD patterns of the obtained TiO2,
which was dried at 100°C (sample A) and the XDR of TiO2,
which was annealed at during 2 hours (sample B) are shown at
Figure 5. On the XRD patterns for samples, A and B revealed
the presence mainly of anatase and trace of rutile phases. The
2θ at peak 25.4 Å, 48 Å and 55 Å confirm the TiO2 anatase
structure. The experimental XRD pattern agrees with the
JCPDS card no. 21-1272 (anatase TiO2) [20]. The simple A
has mainly low crystallinity (amorphous) form. Amorphous
sample revealed a broad pattern with low intensity, but after
thermal treatment at 450°C, simple B, shows improve
crystalline structure of TiO2 and the presence of diffraction
peaks at 25.4 Å (101) associated with the TiO2 nanoparticles,
also the intensity at 38° Å (004) and 48° Å (200) increased.

(3)

Figure 5. The XRD patterns of the obtained TiO2, dried at 100°C (sample A) and the XDR of TiO2, annealed at 450°C during 2 hours (sample B).
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The average particle size has been estimated by using
Debye-Scherer formula (4) by the strongest peaks of TiO2
corresponding to anatase (25.4 Å, 38 Å, 48 Å and 55 Å).
D=Kλ/βcosθ

(4)

and form larger particles about 100-150 nm. In the SEM image
D shows TiO2 particles, which were obtained without H2O2, the
particles are not homogeneous and have an amorphous structure.
Particles which were obtained without Fe2+ have the same
amorphous form.

Where λ is the wavelength of X-Ray (0.1540 nm), β is
FWHM (full width at half maximum), θ is diffraction angle, D
is particle diameter size, K=0.9. In the case of sample A, the
average particles size were 10 nm after thermal treatment,
sample B, average particle size increase to 20 nm.
XRD patterns were the identity for all TiO2 nanoparticles,
which were obtained at 10v, 12v, 14v and 20v.
3.2. SEM Images of the TiO2 Samples
In order to study the morphology and particle size of the
particles, the TiO2 samples were characterized by SEM. The
mean particle size was determined by analyzing the SEM
images.
Figure. 6 show SEM images of the TiO2 samples prepared at
10v (A) and 20v (B) voltages, before (B) and after calcination at
450°C (C), without H2O2 (D) addition in the anodization
process respectively. We found that the experimental
parameters, which drive the electrochemical reaction towards
the formation of TiO2 nanoparticles effect on the mean particle
size. The particle size decreases as the anodization rate
increases, and it increases when the growth rate decreases.
According to the data by increasing the applied voltage from 10
V to 20 V the mean particle size decreases from 50 nm (A) to
30nm (B). According the current density increased from
50mA/cm2 to 120mA·cm-2. In the case of the sample prepared
at 20 V, after sintering at 450°C for 2 h the particles sizes
increase from 30 nm-50nm (B) to 100nm-150nm (C). In the
images of the thermal-treated sample (C) clearly show the
presence of individual particles grouping up to form large
agglomerated, rugged structures. It appears, that after heat
treatment individual crystals about 30 nm-50nm agglomerate

Figure 6. SEM images of the TiO2 samples prepared at 10v (SEM A) and 20v
(SEM B) voltages, before (SEM B) and after calcination at 450 0C (SEM C),
without H2O2 (D) addition.

Influence of H2O2 concentration have a significant
influence on TiO2 particles size, the dates are shown in Table 1.
Increasing of H2O2 concentration, reduces particle size, due to
increasing Ti dissolution reaction. Suitable increase
anodization current density in the same anodization voltage.
The Fe2+ concentration practically has not any influence on the
TiO2 particle morphology. The dissolution of Ti under Fenton
reaction is not studied and is not described steps of reaction in
this paper.

Table 1. Influence anodization voltage, H2O2 and F2+ concentation on the TiO2 particle size.
Sample N
1
2
3
4
5
6
7
8

Anodization,
Voltage
10
10
10
10
12
14
20
20

Current density,
mA· cm -2
42
44
45.7
50
65
88
120
100

H2O2 concentration,
mol ·L-1
0.05
0.05
0.07
0.1
0.1
0.1
0.1
0.1

3.3. Photocatalytic Activity
The photocatalytic activity of the obtained TiO2 was studied
by photo-catalytic decomposition of Methylene Blue (MB)
under UV-light irradiation (365nm). The degradation
behaviour of the nanoparticles was determined by plotting the
amount of dye degraded against time.
20 mL Aqueous suspensions of MB (50 mg·L-1) was placed

Fe2+ concentration,
mmol· L-1
1
5
1
1
1
1
1
-

TiO2 avarage
particles size, nm
65
65
55
50
45
40
30
amorphous

in a quartz tube, and 20 mg of TiO2 nanoparticles (prepared at
20V, 0.2 mmol l-1 FeSO4, 0.1 mol l-1 H2O2) were added. Before
irradiation, the suspension was stirred for 30 min in the dark.
Then the mixer was maintained under constant UV lamp
illumination. At certain time intervals, the 1mL aliquot was
removed and centrifuged to remove TiO2 particles. The
filtrates were then analyzed by recording the maximum
absorption band at 664 nm (for MB) by using the Hach
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4000DR UV-vis spectrophotometer.
Comparison of the photocatalytic activity of TiO2 to
degradation of Methylene Blue solution without UV light and
with UV light is shown in Figure 7. Degradation of MB
solution by TiO2 without UV light is about 16%, due to the
adsorption of MB by the TiO2 particles, it is not a
photo-catalytic process. The process of using UV radiation
365nm degradation rays showed significant results. The
obtained TiO2 can degrade MB to 60% for 4 hours.

Figure 8. The photocurrent–Voltage characteristics of the DSSC/

4. Conclusion

Figure 7. The photocatalytic activity of TiO2 nanoparticles in dark (No UV)
and bright (with UV) condition.

3.4. The Photocurrent-Voltage
Characteristics of the DSSC
The photo-anode of The DSSC was prepared by using TiO2
nanoparticles, which were prepared by calcination of TiO2
sample 4 and sample 7 during 2 hours at 450°C (see Table 1).
The average particles size of the TiO2 sample 4 were about
150nm and average particles size of the TiO2 sample 7 were
about 100nm.
The photocurrent-voltage characteristics of the DSSC
samples are shown in the Figure 8. The DSSC prepared from
sample 4 TiO2 has the next parameters: the open circuit voltage
is (Voc) 0.7 V, the short circuit current density (Jsc) - 12
mA·cm-2, the maximum power density (Pmax) - 4.38 mwt·cm-2,
calculated fill factor (FF) - 52,25% and light-to-electric energy
conversion efficiency (η) - 4.38%. The DSSC prepared from
sample 7 exhibits the higher light to the electric energy
conversion efficiency of 5.54%, short circuit current density 14.3 mA·cm-2, open circuit voltage - 0.72 V, and fill factor 52.46%. These results indicate that the JSC value increased
significantly in the case of sample 7. However, have little
influence on the open circuit voltage and the fill factor of the
DSSC. In the literature are well-known many methods of
synthesis of TiO2 and Photocurrent-voltage characteristics of
the DSSC. Open circuit voltages of DSSCs varies from 0.59v to
0.79 v, fill factor – 35% - 76%, light-to-electric energy
conversion efficiency (η) 2.28%- 9.6% and short circuit current
density – 6.23 mA·cm-2 -19.10 mA·cm-2 [21]. We can conclude,
that the DSSC fabricated by TiO2 nanoparticles, which is
obtained by anodization of Ti foil under Fenton reaction, shown
moderate photocurrent–Voltage characteristics.

In the present work, TiO2 nanoparticles were synthesized by
anodization of Ti foil under different voltage 10v-20V and
under Fenton reaction. Influence of the concentration of H2O2
and Fe2+ was studied. TiO2 nanoparticles were obtained by
anodization of Ti foil in the 0.1 mol·L-1 Na2SO4 water solution
(with pH 3), containing 1 mmol·L-1 Fe2+ cations as a FeSO4
salt, during the anodization in the electrolyte drop by drop was
added 0.1 mol·L-1 H2O2 water solution to performed
Advanced Oxidation Processes (AOPs). SEM images and
XRD patterns showed the formation of homogeneously
dispersed, anatase structured TiO2 nanoparticles. Particles size
of TiO2 nanoparticles decreases from 50nm to 30 nm, when
anodization voltage increases from 10V to 20v. Variation of
H2O2 concentration has no significant influence on the particle
size and morphology. Production of TiO2 nanoparticles is
possible by anodization of Ti foil under Fenton reaction
The DSSCs were fabricated by TiO2 nanoparticles with
average size 100nm - 150nm. In case The DSSC with TiO2
(prepared by 20V, 0,1 mol·L-1 H2O2, 1 mmol·L-1 Fe2+)
exhibited the higher light to the electric energy conversion
efficiency of 5.54%, short circuit current density of 14.3
mA·cm-2, open circuit voltage of 0.72 V, and fill factor of
52.46%.
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