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Abstract Dye sensitizers loaded on TiO, decrease the electron excitation energy, thereby improving the
photocatalytic performance by causing an increase in sensitivity under visible light irradiation. Three
dye sensitizer precursors, Mordant Orange 1, N3 (red dye) and Cobalt (II) Phthalocyanine Tetrasulfonate
(CoPcTs), were utilized to load the photocatalyst. The rate of the electron trapping process on platinum
is clearly compatible with the migration rate of boundary electrons. Consequently, the migration of
boundary electrons from the conduction band towards electron acceptors is increased by loading platinum
onto the titanium dioxide.

In this research, TiO, was synthesized from a titanium isopropoxide precursor using the sol-gel
method, and the product was compared with commercial TiO,-P25 (consisting of 80% anatase and 20%
rutile phases). Evaluation of the effect of calcination temperature on the formation of the nanosize
photocatalyst and the phase formed was performed through the XRD technique. The specific surface area
was determined by BET measurement. Ultimately, the absorption of all samples and their efficiencies were

compared using the Diffuse Reflectance Spectroscopy (DRS) technique under visible light irradiation.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V. All rights reserved.

1. Introduction

Titanium dioxide has received attention due to its proper-
ties of chemical stability, non-toxicity, and photocatalytic char-
acteristics concerning environmental pollution [1].

The photocatalytic phenomenon may be frequently ob-
served in the dye degradation of external walls of buildings over
time as a result of oxidation. For example, TiO, particles are
currently used in dyes, and degradation of organic molecules
present in the dye occurs when part of the applied solar energy
irradiates the dye layer [2]. Therefore, vast amounts of research
have been conducted concerning the use of this phenomenon
for the purification of water, air, and soil contaminated with
toxic agents [2-8]. Since the 1980s, photocatalytic purification
of water has been proposed as an alternative for removing pol-
lutants from water [9].
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The distinction between a nanoparticle and particles larger
than 100 nanometers is that nanoparticles possess no charge
within them, but create a strong electric field, while larger
particles possess a charge layer under the surface and one
in a central zone [10]. Therefore, when larger particles are
exposed to incident light, the surface will be occupied by
holes. Thus, instead of migrating towards the surface, electrons
will accumulate in the particle center because of the barrier
caused by Schottky structural defects (i.e., a Schottky bond
forms when a semiconductor is in contact with other materials
having a variable surface form). Hence, holes and electrons are
inhibited from taking part in the redox reaction, with water and
dissolved oxygen, to produce active oxygen agents, which leads
to a reduction in the photocatalytic yield of macro-relative to
nanoparticles. Generally, the smaller the size of TiO, particles,
the faster the holes and electrons generated by incident light
will migrate toward the surface and the more active centers are
formed on the nanoparticle surface. Furthermore, the generated
electrons do not combine conveniently with holes due to the
very large area to volume ratio. This lag in recombination of
holes and electrons results in an increase in photocatalytic
efficiency [11,12]. Hence, the aim of this research is to approach
this effect through the production and utilization of TiO,
nanoparticles.
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In order to compare the performance of modified titanium
dioxides and their activities in visible light, a study of their
influences in reducing contamination of Methyl Tertiary Butyl
Ether (MTBE) takes place. This substance has replaced tetra
ethyl lead in gasoline since 1970, and is widely used in unleaded
gasoline in some countries in order to increase its octane rating.
Evaluation of the problems caused by consumption of this
substance has led to enforcement of restrictions on its usage.
Nanotechnology has the potential to play a unique role in
tackling the environmental crisis through its ability to purify
water sources contaminated with MTBE, and to decompose
it to dissoluble biological products. In order to achieve these
goals, the developed oxidation process, based upon modified
photocatalysts of synthesized TiO, exposed to visible light,
might be used.

Utilization of the titanium dioxide photocatalyst has been
restricted due to the low quantum yield and the use of ultravi-
olet rays, in other words, lack of visible light. Photocatalysts are
often used when adding metals or other hole trapping agents to
increase the lifetime of excitations created. This means the life
of excited electrons and holes as adequate traps should be in-
creased to reduce their recombination effectively. Introducing
group VIII metals onto TiO, to improve photocatalytic activity
has been frequently investigated [ 13-19]. Loading of these met-
als onto TiO, increases the photocatalytic reaction rate due to
the trapping of conduction band electrons followed by eleva-
tion of electron-hole pair lifetimes [20]. In much research, plat-
inum was reported to be the most active metal of group VIII for
increasing TiO, activity. The trapping of electrons into the plat-
inum phase happens during a 1jus period [21], thus, migration
of boundary electrons towards the sensitizer occurs at around
the same period of 1jus [22]. Therefore, the rate of electron trap-
ping on platinum is comparable with the rate of boundary elec-
tron migration. Consequently, migration of boundary electrons
in the conduction band towards electron acceptors increases
with enhanced loading of platinum onto the TiO,.

Ordinarily, both anatase and rutile phases are present in
synthesized crystals of TiO,, and the difference in the lattice
structure of the aforementioned phases leads to a difference
in mass density (i.e., rutile with p = 4.25 g/cm?® and anatase
with p = 3.894 g/cm?) and the electron bond configuration
between them. Thus, recombination of electron-hole pairs
created by irradiation on the surface of the rutile phase occurs
faster, and the amount of reactants and hydroxyls bonded to
this surface is smaller than at the surface of the anatase phase.
Therefore, as mentioned in some research in the open literature,
the greater the amount of anatase in the TiO, sample, the
higher the photocatalytic activity [1,2,9,11,12,23-25]. However,
the anatase phase is unstable and converts to the rutile phase
irreversibly. Hence, many properties of nanocrystal arise from
anatase and its lifetime in the nanocrystal [26].

Because of the high band gap of titanium dioxide, this sub-
strate requires high energy absorption for excitation, electron
donation, and consequent recovery of pollutant. Ultimately, it
is inactive in the visible light region. Absorption in this range
requires a semiconductor with a band energy less than, or equal
to, 3 eV. However, the band energies of rutile and anatase
phases are 3 and 3.2 eV, respectively. Furthermore, pure rutile
is obtained from anatase by temperature elevation. High tem-
perature gives a low specific surface area, and, hence, the low
porosity of precipitated large sized TiO, particles. However, ru-
tile synthesis occurs with a high specific area via the sol-gel
method at low temperature, based upon the long lifetime of sol
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Figure 1: Schematic of the dye sensitization process.

titania with the stable rutile phase. In fact, the solubility and re-
crystallization of an oxide in the mother liquor leads to the for-
mation of a crystal phase, which is more stable in comparison
with anatase.

Exposure of a photocatalyst to light excites it by supplying
its band gap energy. This creates electrons and holes or positive
charge. These pairs either recombine, causing heat evolution, or
lead to absorption of organic pollutants, hence, its purification.
Anincrease in photocatalytic efficiency and utilization of visible
light may be exhibited due to dye sensitization. The dye
precursor is excited by the irradiation of light, and the electron
transforms from the HOMO state into the excited state, and,
thereafter, into the conduction band of the TiO,. In fact, the
conduction band of TiO, is an intermediate for electron transfer
from dye precursor to the material which is intended for
elimination (Figure 1). This is depicted as follows:

§* — S+ hv, (1)
S* — ST +e” (CB). (2)

Although much research has concentrated on activation of
commercial titanium dioxide and the use of ultraviolet light,
these rays occupy just 4% of the solar spectrum.

The objective of the present work is to shift activation from
the UV range to the visible range, as a first step in eliminating
the defects of the titanium dioxide photocatalyst. Visible light
adsorption depends on utilization of semiconductors as a
photocatalyst with a gap energy less than or equal to 3 eV. In
order to clarify the role of the base TiO, in a Pt-modified TiO,
photocatalyst, first, synthesis of a rutile TiO, sample took place
and, then, deposition of Pt onto this and TiO, (Degussa P-25)
samples was performed. Finally, the Pt-modified TiO,-P25 was
dye sensitized and compared with dye sensitized Pt-modified
synthesized rutiles, with three samples of dye, in the visible
light region.

2. Experimental

2.1. Characterization techniques

Thermal Gravimetry Analysis (TGA) of TiO,-P25 for removal
of PEG at 110 and 350 °C was performed, which confirmed
the complete removal of PEG during the final treatment at
350 °C [27]. X-ray Diffraction (XRD) patterns of samples were
recorded on a PW184 model (Philips Company), with Cu K, ra-
diation of wavelength 0.15406 nm, and were analyzed from 15°
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to 75° (20), with a step size of 0.05°, to assess crystallinity and
confirm the phase structure. The crystallite size was estimated
by line broadening utilizing the Scherrer equation. Porosime-
try analysis (Quantasorb Instrument from Quantachrome
Company) was used at liquid nitrogen temperature (77 K) to
measure the Brunauer-Emmett-Teller (BET) specific surface
area using nitrogen adsorption-desorption isotherms. At room
temperature, diffuse reflectance spectroscopy (DRS) was used
for optical characterization of TiO, nanoparticles. All spectra
were taken in the range of 390-700 nm on the Tex Flash in-
strument (Data Color Company). Details of the DRS technique
are presented elsewhere in [28].

From the XRD patterns, the ratio of anatase (x,) in the TiO,
samples was estimated using the following relation:

_ Iz/1a-0.79 3)
141/l -0.79°
where I, and I are the integral intensities of the anatase (101)
and rutile (110) reflections, respectively. The average size of
the individual crystal size of TiO, (d-spacing) was calculated by
means of Scherrer’s equation, i.e.:
0.9A1
- (4)
B cos6

where A is the X-ray wavelength corresponding to Cu K,
radiation (0.15406 nm), B is the broadening (in radians) of

the anatase (101) reflection, and 6 is the angle of diffraction
corresponding to the peak broadening [29].

A

2.2. Synthesis of TiO, effective in visible light in the form of rutile
phase

Titanium isopropoxide (obtained from the TIP, Fluka Purum,
Switzerland) as precursor is initially hydrolyzed under mixing,
by addition of isopropanol (dehumidified by sodium slices) and
hydrochloric acid (with a ratio of 23.5 cm?® hydrochloric acid
and 3.78 cm? isopropanol for each 14 cm?® of TIP). The role of
isopropanol and hydrochloric acid is to control the hydrolysis
rate. It should be noted that hydrolysis is carried out under
conditions of vacuum and nitrogen gas flow at 75 °C.

After the formation of hydrosol, during 48 h at room
temperature, polyethylene glycol (50 mg/ml, PEG-4000) was
added to it while mixing in order to control the size of crystal
pores. The resultant mixture was dried at room temperature. It
was subsequently calcinated at a temperature of 110 °C for 24 h,
and then, after the temperature rose to 450 °C, at a heating rate
of 2 °C/min, was kept there for 6 h. Ultimately, the applied rutile
phase was called the synthesized sample, with a calcination
temperature of 450 °C, containing 83% rutile phase.

2.3. Preparation of Pt/TiO, photocatalyst

In order to deposit platinum onto the TiO, and, thereby,
improve the photocatalytic performance in the visible light
range, first, 13 cm® of 0.01 molar hexachloroplatinic acid
solution (H,PtClg) was made up to 26 cm® with water, and
then, 2.5 g of synthesized TiO, powder was added to it. After
mixing for over 0.5 h, a solution obtained from mixing 0.07 g
NaBH, (Merck) into 10 cm? of water was introduced to achieve
effective platinum diffusion through TiO, pores. The resultant
slurry was grayish in color. The sample was filtered, washed,
and then kept at a temperature of 75 °C over a period of 12 h.
The calcinated temperature of 350 °C for 24 h was applied for
all samples with TiO,. Thus, loaded platinum onto the TiO, (i.e.,
Pt/TiO,) was obtained. Titanium dioxide synthesized in these
studies was compared with commercial TiO,-P25 powder made
by Degussa (Germany).

2.4. Modifying TiO, via N5 sensitization

One of the most ordinary and effective dye sensitizers loaded
onto the titanium dioxide is the Red Ruthenium complex, typ-
ically indicated by Ru"(2, 2'-bipyridyl-4, 4 -dicarboxylate),-
(NCS),, known as N3, obtained from Solaronix of Switzerland.
Three grams of synthesized TiO, powder were added to 30 cm®
of aqueous N3 (3.7% ethanol by weight to volume ratio) mother
solution and kept at room temperature for 24 h. The sample was
then filtered and washed until discoloration occurred. It was
maintained at a temperature of 100 °C for over 15 min. The ob-
tained synthesized TiO, loaded by Nj (i.e., N3 /TiO,) was kept in
a desiccator till used.

2.5. Modifying TiO, via Mordant sensitization

Since Red Ruthenium is a rare metal and its complexes are
not recoverable, Mordant sensitizers are used commercially.
Three grams of synthesized TiO, powder were added to 25 cm®
of cupric color Mordant mother solution (50% water weight to
volume ratio) to give an orange solution. The sample was kept
in a bath at 100 °C for 2 h and then filtered and washed (with
water and, thereafter, methanol) until discoloration occurred.
The sample was dried at a temperature of 80 °C in an oven. The
ethanol used in the aforementioned sensitizations had 99.5%
purity.

2.6. Modifying TiO, via CoPcTs sensitization

CoPcTs is another dye sensitizer that was synthesized and
utilized for comparison with the above two samples. One gram
of synthesized TiO, was added to the CoPcTs solution (0.02 g of
powder CoPcTs in 100 cm® of water) and mixed in the dark over
a period of 12 h. Then, it was filtered and washed. The sample
was dried at a temperature of 75 °C in an oven for one night and
kept in the dark.

2.7. Some other methods of modifying TiO, photocatalyst

In order to investigate the influence of the rutile phase in
improving the photocatalytic properties of TiO,, the synthe-
sized TiO, sample in the rutile phase was used, and dye precur-
sors sensitive to light, including Mordant Orange 1, N3, CoPcTs
and Pt metal, were loaded onto it. As a result, Mordant/Rutile,
N3 /Rutile, CoPcTs/Rutile, and Pt/Rutile were obtained. Again, to
study the role of platinum, dye precursors which were sensi-
tive to light were loaded onto Pt/TiO,, (i.e., amount of platinum
is one percent) and, hence, N3 /Pt/TiO,, Mordant/Pt/TiO,, and
CoPcTs/Pt/TiO, were obtained. Details of these sample prepa-
rations are provided in the following.

Three grams of synthesized Pt/TiO, powder were added
to 10 cm?® of aqueous N3 (3.7% ethanol by weight to volume
ratio) mother liquor. The 10 cm? of ethanol were added to this
solution and kept at room temperature for 24 h. The sample
was then filtered and washed until discoloration occurred. It
was maintained at a temperature of 100 °C for over 15 min. The
obtained synthesized Pt/TiO, loaded by Ns (i.e., N3/Pt/TiO,)
was kept in a desiccator till used.

On the other hand, three grams of synthesized Pt/TiO,
powder were added to 25 cm® of cupric color Mordant
mother liquor (containing 50% in volume ratio) to give a dark
solution. The sample was kept in a bath at 80 °C for 2 h, and
then filtered and washed (with water and, then, after, with
methanol) until discoloration occurred. The sample was dried
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Figure 2: The influence of calcination temperature on rutile phase percentage.

at a temperature of 80 °C in an oven. The obtained material was
Mordant/Pt/TiO,.

Ultimately, one gram of synthesized Pt/TiO, was added to
the CoPcTs solution (containing 0.02 g of CoPcTs powder in
100 cm? of water) and mixed in the dark over a period of 12 h.
Then it was filtered and washed. The sample was dried at a
temperature of 75 °C in an oven for one night and kept in the
dark. The obtained material was CoPcTs/Pt/TiO,.

3. Results and discussion

Titanium dioxide calcinated at a temperature of around
300-450 °C has an optimum specific surface area for formation
of Ti-O-Pt bonds. Therefore, its photocatalytic adsorption and
activity under irradiation of visible light are high [30]. Active
rutile in visible light with a specific surface area of 65 m?/g
was prepared by sol-gel synthesis at low temperature (450 °C),
based upon the long residency of sol titania, due to the stability
of the rutile phase. The rutile phase appears to be formed
in hydrosol, along with the anatase phase, after a few hours,
such that the rutile phase grows after 48 h. This is followed
by calcination to remove polyethylene glycol (PEG). According
to the XRD results indicated in Figure 2, the rutile phase
reached 83%. These results show that there is no peak for
anatase and rutile at the calcination temperature of 350 °C
and the sample is still amorphous or non-crystalline (see
Figure 3). Furthermore, Figure 3 indicates that with increasing
crystallization temperature, an increase in the percentage of
rutile phase compared to anatase is observed. It is noteworthy
that ranges of the Bragg angle for the main TiO, phases,
including rutile (27°, 36° and 54°) and anatase (25° and 47°),
help to create a better understanding of the XRD patterns
provided in this figure, in terms of the structure of the
undertaken material. BET measurements shows an increase
in the TiO, specific surface area from 50 m?/g for TiO,-P25
to 65 m?/g for the rutile phase in the synthesized TiO,
sample (see Table 1). However, growth of particles is rather
disadvantageous as it causes a reduction in absorption [31].
For example, it is seen that when the calcination temperature
increases from 400 to 450 °C, the size of particles increases from
15.36 to 29.43 nm, according to evaluation of XRD patterns (see
Table 1).

The loading of platinum on the rutile phase (Pt/Rutile) with-
out changing the XRD pattern (therefore, without changing
the percentage of the rutile phase), due to the uniform and
adequate dispersion of Pt particles, improves particle size to

Intensity

P B P

0 Fal 40 L] Bl
28 {degrees)

Figure 3: Comparison of the XRD patterns: (a) Synthesized TiO, with
a calcination temperature of 350 °C, (b) Pt/TiO,-P25, (c) Pt/Rutile, (d)
N3 /Pt/Rutile, (e) synthesized TiO, with a calcination temperature of 400 °C and
(f) synthesized TiO, with a calcination temperature of 450 °C (this sample is
called “rutile” in this paper).
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Figure 4: DRS comparison of TiO,-P25 (TiO;), synthesized TiO, with a
calcination temperature of 450 °C (rutile) and TiO, loaded with Pt (Pt/TiO,).

22 nm. Loading dye sensitive N3 on rutile modified with plat-
inum (N3 /Pt/Rutile) increases particle sizes to 23.8 nm. The ef-
fect of platinum loading onto the TiO, is observed in the form
of a reduction of particle sizes to 20.58 nm (Table 1). Compar-
ison of activities of synthesized photocatalysts in the visible
light range was carried out by a light Diffuse Reflectance Spec-
troscopy (DRS) technique. Absorption in TiO,-P25 occurs in the
UV range, while for the rutile phase, a slight absorption occurs
in the visible light range (see Figure 4). The absorption of com-
mercial TiO,-P25 under UV has been previously performed [32].
With the loading of platinum (Pt/TiO,), absorption occurred in
the visible range. According to Figure 5, with synthesis of the
TiO, sample in the rutile phase and the loading of platinum onto
it (Pt/Rutile), the amount of absorption in the visible range is
considerably greater than that of the Pt/TiO,. However, in both
cases, maximum absorption occurs at 700 nm. According to the
XRD analysis, Pt/Rutile and Pt/TiO, contain 83% and 20% rutile,
respectively. However, as Figure 6 demonstrates, the absorp-
tion of modified TiO, by Mordant increases up to a wavelength
of 700 nm, and the best state for modification by this material
occurs when Mordant/Pt/TiO, is used. Figure 7 shows modifi-
cation by N3 and, in this case, the best state of absorption oc-
curs with N3/Pt/TiO, in the wavelength range 400-600 nm.
Figure 8 shows modification by CoPcTs; here the best state
of absorption occurs with CoPcTs/Pt/TiO, in the wavelength
range 600-700 nm.

As Figures 4-8 indicate, in all cases of dye sensitization, max-
imum absorption in the visible range occurs with dye/Pt/TiO,
and does not occur with dye/Pt/Rutile. This arises from the
smaller size of Pt/TiO, nanoparticles compared to Pt/Rutile par-
ticles. This characteristic leads to better dispersion of Pt/TiO,
and, subsequently, better positioning of the dye sensitizer on
this substrate.
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Table 1: Some characteristics of synthesized samples obtained by BET and XRD analysis.
Sample Particle size (nm) Specific surface Rutile phase
area (m?/g) percentage
Rutile with calcination temperature of 400 °C 154 70 68.3
Rutile with calcination temperature of 450 °C 234 65 83
Rutile loaded with platinum (Pt/rutile) at 450 °C 22 65 83
Rutile loaded with platinum and N3 (N3 /Pt/Rutile) at 450 °C 238 65 83
Commercial TiO, loaded with platinum (Pt/TiO,-P25) 20.6 50 20
Commercial TiO; (TiO,-P25) 21 50 20
" Pt/Rutile KR LN N
S F. ,
— ,-/ -E: CoPeTs/TiDs !
= |/ £
E Y 1
i = CaPcTs/Rutile
"._"'-. # CoPcTs/ Pt/ Rutile
QA SR T T |
Pi/Ti(a and o
L e — — A [nm)
390 4910 500 G840
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Figure 5: DRS comparison of TiO, loaded with Pt (Pt/TiO,) and synthesized
TiO, at calcination temperature of 450 °C (rutile) loaded with Pt (Pt/rutile).
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Figure 6: DRS comparison of TiO,, rutile, Pt loaded on TiO, (Pt/TiO;), and Pt
loaded on rutile (Pt/Rutile) modified with Mordant dye.
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Figure 7: DRS comparison of TiO,, rutile, Pt loaded on TiO, (Pt/TiO;), and Pt
loaded on rutile (Pt/Rutile) and modified with N3 dye.

Finally, as was observed in XRD tests, because of the
smaller size of Pt/Rutile nanoparticles compared to dye/Pt/TiO,
nanoparticles, and the greater surface area of both compared to
TiO, and Pt/TiO,, Pt/Rutile nanoparticles possess maximum ab-
sorption in the visible light range and, thereafter, maximum ab-
sorption belongs to dye/Pt/TiO, materials. The rationalization
for this phenomenon was demonstrated through Figure 9. This

Figure 8: DRS comparison of TiO,, rutile, Pt loaded on TiO, (Pt/TiO;), and Pt
loaded on rutile (Pt/Rutile) modified with CoPcTs dye.
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Figure 9: DRS comparison of Pt/ Rutile with different dyes loaded on Pt/TiO,.

figure indicates that the Pt/Rutile alone had the smaller size,
hence, greater surface area. However, when the dye was loaded
onto it, a lower efficiency than dye/Pt/TiO, was obtained.
Figure 9 also compared the absorption efficiency of differ-
ent dyes, including Mordant, N3 and CoPcTs on Pt/TiO,, as a
template.

4. Conclusions

The best method for modifying the TiO, photocatalyst for
activation in the visible range was observed with the controlled
synthesis of TiO, in the rutile phase, with a consequent increase
in photocatalytic activity in the visible wavelength range, and
also, with the loading of platinum, which causes lagging in the
recombination of electron-hole pairs, due to the adsorption of
pollutants exposed to light. Another convenient method is the
loading of platinum followed by the dye sensitizer precursor
as an intermediate in electron transfer from photocatalyst to
pollutant, and reduction of the TiO, band gap. This study
demonstrates the effect of three dye sensitizer precursors,
including Mordant, N3 and CoPcTs, which are utilized to load
onto the TiO, photocatalyst under visible light irradiation.
The synthesized samples were compared with the commercial
TiO,-P25 material. Evaluation of the effect of calcination
temperature on the formation of the nanosize photocatalyst
performed by the XRD technique, and the specific surface area,
was determined through BET measurements. The efficiencies
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of samples were compared using the DRS technique under
visible light. This investigation paved the way for preparing
and characterizing a nano material to obtain an optimum
photocatalytic structure.
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