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Photo-catalysis activity of TiO2, C0304, C0304 @TiO2, and TiO2@Co0304
nanoparticles prepared by pulsed-laser ablation
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Water pollution is practically one of the most challenging subjects. Photo-catalysis using
nanoparticles is one of the effective techniques that are employed for organic material
removal. In this work we explore the optical characteristics and the photo-catalytic activity
of Co304, TiO2, Co304@TiO,, and TiO»@Co0304 nanoparticles prepared by pulsed laser
ablation. Effective dye removal has been obtained by using these nanoparticles. Although
the prepared nanoparticles exhibit different optical properties, they show close photo-
catalytic activities. As single material, the dye removal activity of Co3;04 and TiO; is
nearly terminated after a while. However, by forming core@shell structures of these
nanoparticles an effective and continuous dye removal process has been obtained.
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1. Introduction

Nanomaterials greatly advance energy conversion and storage technologies due to their
special characteristics such as the large surface area, effective mass [1], and heat and charge
transport efficiency [2, 3]. In addition, semiconductor nanostructures have special benefits over
their bulk or molecule counterparts due to their distinct characteristics and uses. Narrow emission
spectra, continuous absorption bands, excellent chemical stability, processing ease, and
adaptability in changing surface functions are some of these characteristics [4].

Research in nanoscience technology is essential to explore the opportunities and the
possible applications in addressing environmental problems. There is also a need to develop new
approaches that provide advanced capabilities to prevent or effectively deal with highly toxic or
difficult-to-degrade pollutants and helping to monitor these pollutants or their effects in more
accurate ways. Core-shell nanoparticles represent a type of nanostructure composed of two
different materials: an inner core and an outer shell. These particles are mono-dispersed and
modifiable, giving them advantages over conventional catalysts particularly in reducing
agglomeration. Their size and structure can also be controlled by adjusting their surface properties
[5.6].

The medium band gap, broad availability, chemical stability, and nob-toxicity made
Titanium dioxide (TiO2) as is one of the most often used materials for photo-catalysis [7]. In
addition, researchers have concentrated on producing cobalt oxide (Co304) nanoparticles (NPs)
due to its wide range of uses [8-9]. Co030s is a p- type semiconductor distinguished by its strong
mechanical strength and high chemical stability even at elevated temperatures. In its bulk state, its
direct band gap is (1.48 -2.19 eV) [10]. At room temperature, Co3O4 is categorized as a
paramagnetic semiconductor. However, below 40 K, weak interactions between nearby Co3O4 ions
cause it to change into an antiferromagnetic behavior [10-11]. Furthermore, Co304 nanoparticles
have good electrical conductivity because of the presence of the Co*"ions [11].

A number of studies have been carried out to investigate the functionality of TiO2 and
Co0304 nanoparticles in photo-catalysis applications. For example, Saleh M. Allugmani et al [12]
explored the effect of synthesis method on the effectiveness of TiO2 nanoparticles at degrading of
Methylene blue dye. They used three distinct techniques to prepare the TiO2 nanoparticles: high-
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energy ball milling, ultra-sonication, and pulsed laser ablation. A.B. Vennela et al [13] studied the
potential of using Co304 nanoparticles prepared by sol-gel method in removing methylene blue
dye. They achieved 93.8% removal of the dye under optical light irradiation.

In this work we studied the photo-catalytic activity of Co0304, TiO2, C0o3;04@TiO>, and
TiO,@Co304 nanoparticles prepared by pulsed laser ablation. We explored the effect of the
presence of these particles on the degradation rates of methylene blue dye. In addition, we studied
the effect of forming core@shell structures on the catalytic activity of these materials.

2. Experimental

The pulsed laser ablation approach was used to create Co304, TiO2, Co304@TiO,, and
TiO,@Co30s NPs in water at room temperature. The experimental setup for laser ablation is
depicted in Figure (1). The preparation method involved using an Nd-YAG laser with a
wavelength of 1064 nm, a repetition rate of (4 Hz), and a pulse energy of (300 m)J).
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Fig. 1. Experimental setup for the preparation of nanoparticles
using laser ablation in liquid (PLAL) technique.

Different numbers of laser pulses were used to prepare Co3Os and TiO2 NPs at different
concentrations. 500, 750, and 1000 pulses were used to prepare Co304, while 100, 200, and 300
laser pulses were used to prepare TiO, NPs. The (Co3;04@TiO;) core @shell sample was prepared
by using (500) pulses for (Co304) and (200) pulses for (TiO,). For the (TiO,@Co0304) sample 300
pulses were used for (TiO») and (500) pulses for (Co3O4).

The photo-degradation of the methylene blue (MB) dye was investigated by using
different quantities of the produced materials. The removal of the MB dye, i.e. the activity of the
nanoparticles, was assessed by monitoring the reduction in the linear optical absorbance of the
dye. ACECIL CE2700 UV/Vis spectrophotometer was used to measure the absorbance of the
samples. In all tests, 0.01 mM concentration of the dye was used.

3. Results and the discussion

3.1. The optical properties
The absorption spectra of cobalt oxide (Co30O4) nanoparticles generated with different
numbers of laser pulses and a constant energy (300 mJ) are displayed in Figure (2).



189

0.9

Co O
© 0O, (500) Pulses

[e]
Co a (750) Pulses

o8 g
Co 30 4 (1000) Pulses

0.7

Absorbance

I I I I I I
200 300 400 500 600 700 800 900

Wavelength (nm)

Fig. 2. The absorption spectra of CO304 NPs prepared with different numbers of lasers pulses.

The absorption spectra of Co3O4 in the spectral range of (200 — 900 nm) show two broad
absorption bands. The first band has its maximum at about 550 nm and extends approximately
from 400 to 650 nm. The second band extends from 730 to 860 nm and peaks at 800 nm. The O~
—Co" and O —»Co" charge transfers are responsible for these bands [14 -15].

Figure (3) shows the absorption spectra of (TiO,) NPs.
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Fig. 3. The absorption spectra of TiO, NPs prepared with different numbers of lasers pulses.

The absorption spectra in Figure (3) have maxima at the end of the UV region (at about
360 nm) and decrease gradually at longer wavelengths. O 2p atoms make up the valence band in
TiO,, whereas Ti 3d states make up the conduction band [16]. The electron transitions from O 2p
to Ti 3d are the cause of the strong absorption band [17 -18]. The more pulses used the higher the
concentration of the nanomaterial the higher the entire absorption curve of the TiO, nanoparticles.

Figure (4) shows the absorption spectra of core-shell Co3;04@TiO, and TiO, @Co0304

nanoparticles.
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Fig. 4. The absorption spectra of Co3;04@Tio; NPS and Tio@Co304 NPs.

It can be observed that, the general pattern of the absorption band of Co304@TiO2 is
more or less similar to the absorption spectrum of Co3Q0s, shown in Figure (2). However, due to the
presence of TiO; shell, the absorbance of Co3;04@TiO: is higher in the UV range in comparison
with the absorbance the Co3;04 NPs.

In the case of TiO,@Co030s4, it can be seen that the absorption spectrum is similar to that of
the TiO, NPs shown in Figure (3). However, the absorption spectrum of the TiO,@Co0304 NPs is
shifted toward longer wavelengths in comparison to the absorption spectra of the TiO, spectrum.

3.2. Photo-catalysis of (C0304, TiO2, C030s @TiO;, and TiO,@Co304) nanoparticles

The photo-catalysis activity of the prepared nanoparticles was studied via decomposing
methylene blue dye in aqueous medium as a pollutant under the assistance of simulated sunlight
radiation. Figure (5) shows examples of the absorption spectra of the dye solution containing the
prepared nanoparticles at different times.

0.25

(a)

Absorbance

0 (min)
10 (min)
20 (min)
30 (min)
40 (min)
50 (min)
60 (min)

800

Wavelength (nm)

900

(c)

Absorbance

0 (min)

20 (min)
40 (min)
60 (min)
80 (min)

200 300

400

500 600 700 800
Wavelength (nm)

900

Absorbance

Absorbance

0.35

0.3

0 (min)
20 (min)
40 (min)

60 (min)
80 (min)

0

L L L L L
300 400 500 600 700 800 900

Wavelength (nm)

0.2

(d)

0 (min)

20 (min)
40 (min)
60 (min)
80 (min)

200

300 400 500 600 700 800 900
Wavelength (nm)

Fig. 5. UV-Vis absorption spectrum of MB dye solution containing (a) Co3Oy, (b) TiO>, (c) Co304@TiO:,
and (d) TiO, @Co304 nanoparticles at different times under the irradiation of simulated sun light.
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Fig. 6. Photo-degradation of methylene blue dye under visible light using (a) Co3;Oy, (b) TiO;, and (c) Co30,
@TiO; and TiO@Co3;04 nanoparticles as photo-catalyst.

It can be seen form Figure (6a) that, when (Co304) nanoparticles are present, the MB dye
breaks down gradually. This degradation can be explained by exploring the photo-induced
electronic transitions of the NPs. Upon visible light irradiation, photons are absorbed by C0304
resulting in electrons transitions from the valence band to the conduction band creating electron-
hole pairs. The O, and H,O molecules that are adsorbed on the photo-catalyst surface interact with
these holes. While the hole combines with water adsorbed on the surface to from hydroxyl radicals
(OH"), the resultant electron reduces an oxygen molecule to create a superoxide radical ion (‘Oy).
The MB dye can be attacked by these active radicals, which can then break it down into simpler
compounds [19-20].

The rate of dye deterioration depends on the concentration and the characteristics of the
used Co304 NPs. It can be seen that the highest degradation rate of the dye was obtained by using
the Co304 NPs prepared with 500 lasers pulses. As this sample contains the lowest NPs
concentration, the result is surprising. This can be explained as that the Co304 NPs prepared with
the lowest pulses number have small average sizes hence a maximum surface to volume ratio. A
larger surface area provides larger effective interaction environment for the dye molecules
resulting in a higher degradation rate. As the number of laser pulses used increases, the
concentration of the produced NPs increases. Although higher particles concentration provides
more interactive centers, it leads to the formation of particles of larger sizes via particles
aggregation. This reduces the surface to volume ratio. Therefore, the interplay of the opposite
effects of concentration and surface to volume ratio determines the degradation rate of the dye.
This can be concluded by comparing the degradations rates of Co3O4 NPs prepared with 750 and
1000 pulses shown in Figure (6a).
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The case is the same when using TiO, NPs as photo-catalyst, as shown in Figure (6b). The
combination of the number of the NPs and the surface area results in dye degradation ratios that do
not have a monotonic increase with the concentration of the NPs.

The photo-induced electrons and holes production is also the mechanism by which the MB
dye breakdown in the present of the TiO, nanoparticles [21, 22]. MB transforms into oxidized
form known as methylene blue Leuco (LMB) during the reduction process [23].

Furthermore, it can be seen from Figures (6 a and b) that the degradation rate of the dye
decreases gradually with time and reaches a kind of steady state region beyond 80 minutes. In
other words, the interaction between the dye molecules and the NPs stops after a while. However,
when using the core@shell structures of these NPs the dye degradation continues monotonically,
as shown in Figure (6¢). This means that, the formation of Co;04@TiO; and/ or TiO>@Co0304
structures can result in a more effective dye removal. This advantage can be due to charge
redistribution or new energy states creation resulting from the combination of Co0304 and TiO»
materials.

4. Conclusion

In this study, Co304, TiO;, Co304@TiO2, and TiO@Co3;04 nanoparticles (NPs) were
prepared by pulsed laser ablation in liquids and used as photo-catalysts for methylene blue dye.
These NPs show effective photo-catalytic activity under the irradiation of simulated sunlight
radiation. The degradation rate of the dye depends on the interplay of the effects of the number of
NPs and the total surface to volume ratio of these particles. In addition, when using NPs of single
material, the dye degradation reaches is terminated after a while. However, the core@shell
structures of the Co30O4 and TiO, material can provide continuous photo-catalysis process resulting
in more effective dye removal.
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