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At this research, it is proof the degradation of methylene blue colorant, as photocatalytic
activity, which result from the interaction between a Cds thin film surface, coated by TiO,
NPs, and the molecules of an aqueous solution of methylene blue colorant. This
heterogeneous device, TiO, NPs/CdS thin film/Glass substrate, pump by solar radiation;
can be used to wastewater treatment. CdS thin films, are deposited by chemical bath
deposition, while the TiO, nanoparticles (Nps) were obtained by a microwave-assisted sol-
gel process method and deposited on CdS layer by spin coating technique. The main
syntheses used techniques for these materials, are parts of the soft chemistry. The optical
characterization of, TiO, NPs/CdS thin films/Glass substrate, was evaluated by UV-vis
spectroscopy, and the calculated band gap for the films was 2.8 eV. Agglomerations of
TiO, nanoparticles were observed on the homogeneous surface of polycrystalline
hexagonal structure of the CdS thin films. The degradation of methylene blue colorant is
carry out by three replicates of TiO,/NPs/CdS thin films/Glass substrate, exposed to
sunlight for 60 minutes, resulting in a degradation of 43%.
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1. Introduction

Nowadays, environmental problems such as increased air and water pollution have
expanded due population growth and rapid industrial development woeldwide [1]. The methylene
blue (MB) is one of the most frequently used compounds to model the organic pollutants found in
wastewater discharges in various industries [2], is a highly stable toxic compound and it is a type
of thiazine dye very commonly used in industry [3]. Based on this, heterogeneous photocatalysis is
used to degrade organic pollutants in wastewater that are discharged into the ecosystem and it has
been demonstrated as an effective technology for treating groundwater, drinking water,
wastewater, and air pollution [4-5]. When compared to conventional filtration methods,
heterogeneous solar photocatalysis observes advantages that include low temperature operation,
minimal corrosion of handling equipment [6], no need of chemical additives, and the generation
of innocuous or easily neutralized reaction by-products [7]. Solar energy photocatalysis is used to
activate semiconductor materials that result in the creation of hydroxyl radicals, which discolor
organic pollutants dissolved in water [8].

Titanium dioxide (TiOy) is an inorganic semiconductor material type n that absorbs
electromagnetic radiation in the ultraviolet region (UV,> 400 nm) [9]. There are several physical
and chemical methods for the synthesis of Nano scale TiO, materials [10], obtaining a variety of
nanostructures such as nanoparticles, nanotubes, Nano rods and nanofibers. For this investigation,
the sol-gel method was selected to prepare the TiO, in powder. The sol-gel synthesis is simple,
inexpensive, and it is a process at low temperature. This method has been used to produce high
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purity nanoparticles (NPs) of various catalytic materials (mainly metal oxides) such as ZrO,,
SrTiOz, ZnO, WO;3, and TiO, [11-12]. The use of TiO, as a photocatalytic material has some
important benefits that include a low price of feedstock reagents, the ability to synthesize at room
temperature, and the generation of innocuous byproducts after synthesis (i.e., CO, and H,0) [13].
From a photocatalytic property perspective, TiO, has the peculiarity of showing photochemical
stability and high oxidation power in the UV region, high resistance to photo corrosion in aqueous
environments, and lower cost when compared to other photocatalytic materials [14]. Nevertheless,
the primary disadvantage of using TiO; is associated to its exclusive activation in the ultraviolet
region, and hence it only takes advantage of around 3-5% of the sunrays that reach the surface of
the planet. This limitation has driven the interest in researching other materials that can be coupled
with TiO, for a greater use of the sunlight spectrum [15].

In this context, cadmium sulfide (CdS) is a photocatalyst that is excited by the photons
that fall on the visible spectrum region (from 400 nm to 750 nm) and as is considered a binary
semiconductor, it belongs to the 11-VI group and has a band gap of 2.4 eV [16- 19]. The CdS has a
high photocatalytic activity that allows a better use of the sunlight spectrum i.e., from 40% up to
50%., as opposed to more commonly reported lower thresholds at 4% to 5% [20]. The use of CdS
extends the functionality of TiO, in the visible region. CdS thin films can be synthesized using the
chemical bath deposition (CBD) technique [21].

By separate, CdS and TiO, have problems that include reduced efficiency, exhibit photo-
corrosion and become unstable to photo-radiation (in the case of CdS) or have a wide band gap
that reduces the absorption of solar energy (for TiO,). Nevertheless, the combination of CdS with
TiO, overcomes these issues [22-24], the junction TiO,/CdS, is a new kind of n-n semiconductor,
with good absorption in both the UV and visible regions of the spectrum. In combination, CdS and
TiO, overcome their individual limitations, achieving a high photocatalytic activity [25], and
besides extending the response from UV to visible light, this type of semiconductor depresses
recombination of the photo excited electrons and holes, has no problems of photo-corrosion, and it
is highly stable [26]. Previous works reported the synthesis and photocatalytic activity of
CdS/TiO, composites synthetized with the use of high temperature or long time of the synthesis:
by electrospinning method [27], hydrothermal treatment [28-30], varying of precursor
concentration with thermal annealing of the final product [31-32], and by simple soft chemistry
assisted by thermal annealing [33- 38].

This work presents the use of low-energy soft chemistry for the preparation of composed
CdS thin film surface, coated by TiO, NPs, as a photocatalytic material with an expanded
spectrum of absorbance in the ultraviolet and visible spectrums, taking advantage up to 55% of the
solar radiation [39]. The photocatalytic activity (PC) of the resulting composite material was tested
by degrading of MB in an aqueous solution showing the reduction of this contaminant in an
aqueous solution model.

2. Experimental details

2.1. Materials

The preparation of the CdS thin films was carried out using the following reagents from
commercial sources: cadmium chloride (CdCl,, 99%) (Supplied from Across, US), sodium citrate
(NasCsHs07, 99.8%) (Provided by Fermont, Nuevo Ledn, México), thiourea (CH4N,S, 99.4%)
(Provided by J.T. Baker, Edo. De Meéxico, México), potassium hydroxide (KOH, 87.3%)
(Obtained by Fermont, Nuevo Ledn, México) and borate buffer solution (pH of 10) (Provided by
J.T. Baker, Edo. De México, México).

For the preparation of TiO, nanoparticles, the following reagents were used: titanium
isopropoxide (CyoH20,Ti 97%) (Provided by Sigma-Aldrich, Toluca, México), 2-propanol
(CsHgO 99.8%) (Provided by Fermont, Nuevo Leo6n, México) and ethanol (C,HsOH 99.5%)
(obtained by CTR, Nuevo Ledn México).

Basic blue 9 reagent (obtained by EMD chemicals, Gibbstown, NJ) was used to prepare
the methylene blue (C16H1sN3SCI 3H,0) (CAS 61-73-4) solutions.
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2.2. Deposition of CdS thin films

The CdS films were deposited by immersion of the glass substrates in a CBD solution
according to [40-41] prepared from cadmium chloride (CdCl,), sodium citrate (NazCgHsO), pH 10
borates buffer, potassium hydroxide (KOH), and thiourea (SC(NH2)2) in a volumetric ratio of 9
ml (0.05M): 9 ml (0.5 M): 3 ml: 3 ml (0.5 M): 4.5 ml (0.5M). The total reaction volume was
adjusted with water to 60 ml. In [40-41] CdS thin films deposited by CBD on HfO, is reported at
70 °C +/- 1°C for 25 minutes, in this work to achieve thin films deposition on glass substrate we
adjusted the temperature of the solution at 43 °C +/- 1°C for 33 minutes, also here the chemical
deposition process was repeated two consecutive times with fresh solutions used for every
deposition in order to obtain homogeneous and structural representative CdS material, considering
that the temperature from original recipe was reduced and the deposition time was increased.

After deposition, the CdS films were cleaned firstly, exposed in an ultrasonic bath with
methanol followed by distilled water rinse and dried with N,

2.3. Preparation of TiO, nanoparticles (Nps)

The synthesis of the TiO, Nps, is realized by a microwave assisted sol gel process
according to [42], where the precursor solution consist into dissolve titanium isopropoxide in 2-
propanol at a volume ratio of 1: 15 (2.72 ml: 40 ml), then are stirred vigorously for 700 rpm
during 1 min at 80° C, in order to enhance the homogeneity and stability of the slurry, after that a
volume ratio of 1:2 (0.52 ml: 1 ml) a mix of deionized water and 2-propanol was added, the final
solution was kept in stirring during 2 min at 80 °C.

The sol formed was allowed to age under room temperature conditions for 24 hrs. After 24
hours, a transparent solution (supernatant) was extracted and the precipitate was exposed to
microwaves for drying, remaining a total time of 15 minutes. After this process, the TiO,
nanoparticles were obtained as the settled powder in the container. This drying assisted by
microwaves enabled uniform heating of the forming TiO, nanoparticles, maintaining their shape
and reducing the production of sub-products and the risk of structural damage (1). Finally, the
powder of the TiO, nanoparticles was carefully washed with deionized water to remove any matter
other than TiO,.

2.3.1. TiO, Nps thin film

The TiO, NpS obtained were dispersed in ethanol and deposited on glass substrate at room
temperature by spin coating technique. The spinning speed was established at 1000 rpm for 30 s at
room temperature.

2.4. TiO, NPs/CdS thin films/Glass substrate, preparation

The TiO, Nps films were deposited on CdS thin films. The CdS deposited on glass
substrate was placed in the spin coater (anticorrosion 6” wafer Max) and was completely covered
with 1 ml of the TiO, Nps dispersed in ethanol (0.004 gr of TiO, Nps/ 1ml ethanol). The spinning
speed was established at 1000 rpm for 30 s at room temperature. The drying step was performed
by heating thin film at a temperature of 75 °C for 15 min in a Labnet accuplate hotplate in air
atmosphere.

2.5. Materials Characterization

Optical absorption measurements were performed using a Jeneway 6850 UV/visible
spectrophotometer in the range from 300 to 900 nm. The morphology and elemental compositions
for films and nanoparticle size were characterized by Scanning Electron Microscopy (SEM) on a
Hitachi SU5000 with operating voltage of 20 kV. The crystalline structures of the CdS thin films
and the TiO, nanoparticles were examined by X-ray diffraction (XRD) using a PANalytical, US.
The diffractometer is equipped with a CuK source, operating at 35 kV and 23 mA, the scans were
taken in a 26 range from 10 to 80°.



2.6. Photocatalytic degradation of methylene blue (MB)

The photocatalytic activity of TiO, NPs/ CdS thin films was evaluated through the
degradation of the organic dye MB as a model for organic pollutant [31], in the presence of the
radiation of the sun for 60 minutes. Experimental data conditions for three replicates for
photocatalysis, is shown in Table 1.

To prepare the aqueous solution, 50 ml of MB were introduced into a beaker at a
concentration of 20 mg/L and kept under stirring at 1000 rpm. To initiate photocatalytic study,
TiO, NPs/CdS thin films/Glass substrate, were introduced to allow their interaction with the
solution for 60 minutes under sunlight.

The MB concentration was determined by measuring the intensity of absorption through a
UV-Vis spectrophotometer in a wavelength range of 300-900 nm.

Table 1. Conditions of photocatalytic reaction (Ciudad Juarez, Chihuahua, México).

Conditions/Number of replicas 1 2 3
Date of reaction November 13, 2018 March 29, 2019 August 26, 2019
(12:40 to 13:40) (13:15 to 14:15) (14:00 to 15:00)
Solar radiation (W/m?) 562.20 870.72 825.63
solar UV index 2.57 6.60 7.13
Co (mg/L) 20.332 20.165 20.263

In order to quantify the degradation of the dye, a calibration curve was first made on a
PerkinElmer Lambda 25 UV-Vis spectrometer at known concentrations of 5, 10, 15 and 20 mg/L.

3. Results and discussions

3.1. Characterization of CdS thin films

3.1.1. Optical characterization of CdS thin films

The UV-Vis spectra of CdS films prepared by chemical bath deposition is shown in Figure
la. The spectra exhibit a well-defined feature (peak) at ~527 nm, which is considerably blue-
shifted relative to the peak absorption of bulk CdS indicating quantum size effect [28-43].

The UV-Vis transmission spectra of the CdS films shown that the material ca be excited
with the visible light corresponding to the values between 450 and 750 nm [44] (Figure 1a). The
optical band gap was calculated from the data obtained using the equation 1 below (Tauc plot
method) [45], resulting in the value of 2.89 eV (Fig. 1b).

(ahv) = A(hv — Eg)™ (1)

In equation 1, o, hv, A, and Eg correspond to the absorption coefficient, the incident
photon energy (Planck constant and light vibration frequency), proportionality constant, and band
gap energy. Finally, n is a constant having value ¥ for direct band gap and 2 for indirect band gap,
respectively [46].
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Fig. 1. (a) UV-Vis transmission spectra obtained for a CdS thin film deposited by CBD;
(b) Tauc variable vs Energy.

3.1.2. CdS thin films morphology

Fig. 2a shows homogeneous morphology at the surface for CdS thin films deposited.
Average CdS thicknesses was obtained by SEM cross-section (Fig. 2b). The resulting thicknesses
value is 169 nm.

(b)

Fig. 2. SEM micrographs for CdS thin films deposited by CBD a) surface and b) cross-section.

3.1.3. X-ray diffraction (XRD)

Fig. 3 shows the XRD patterns obtained for the CdS thin film deposited by CBD. The X-
ray diffraction peak located at 20= 26.6 ° shows the preferential orientation along the (002)
hexagonal plane. Carrillo et al. previously reported the same phase in CdS thin films [23].

Cadmium Sulfide
01-077-2306
Hexagonal

002)

Intensity (a.u.)

T T T T T T
10 20 30 40 50 60 70 80
Angle 20

Fig. 3. XRD pattern for CdS thin films by CBD.



3.2. Characterization of TiO, nanoparticles (Nps)

3.2.1. Optical characterization of theTiO, NPs

Fig. 4a shows the UV-Vis transmission spectra of TiO2 NpS thin film. The spectra shown
that the nanoparticles stop transmitting light in the UV region, which means absorption is
occurring in this spectral region. This also indicates that the nanoparticles are activated (excited) in
that region, where the activation is understood as the occurrence of the electrons jump from the
valence band to the conduction band, leaving a hole with positive charge in the valence band [47].
Fig. 4b shows the TiO, band gap energy of 3.9 eV, indicating that the photons that impinge on the
material with a wavelength in the UV region do not need as much energy to excite the TiO,
nanoparticles.
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Fig. 4. (a) UV-Vis transmission spectra obtained for TiO, Nps thin film and (b) Tauc variable vs Energy.

3.2.2. TiO, NPs morphology characterization

The micrograph in Fig. 5a) shows agglomerated TiO, nanoparticles at a magnification of
18KX, which were deposited in a mesh for observation. Fig. 5b shows the approximate sizes of
nanoparticles, which have diameters from 3.16 to 5.39 nm. Agglomerated nanoparticles were also
observed by [28].
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Fig. 5. SEM micrographs for TiO, nanoparticles.

3.2.3. X-ray diffraction (XRD) of the TiO, nanoparticles

Fig. 6 shows the XRD pattern for TiO, nanoparticles, where the main diffraction peaks
occur at 20 angles of 25°, 28°, 31°, 36°, 38°, 48°, 54° and 64°. The peaks at 12° and 31° are not of
these TiO, crystallographic phases.
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Fig. 6. XRD pattern for TiO, NPs. The planes corresponding to their corresponding reference code.

The indexation of these peaks corresponds to the crystalline structure of the rutile and
anatase phases of TiO,, indicating the polymorphism of this material. The indexed peaks at (101),
(200) and (204), correspond to anatase phase having a tetragonal crystal structure, while the peaks
(110) and (211) are attributed to the signals of the rutile phase with hexagonal crystal structure
[48].

3.3. Characterization of the TiO, NPs/CdS thin films

3.3.1. Optical characterization of the TiO, NPs/CdS thin films

Transmission spectra of the system deposited of TiO,/CdS films are shown in Fig. 7, it can
be seen that the film show bands at 349-530. According to the spectra on Fig. 1 and 4 for CdS and
TiO, thin films respectively red shift is observed when the materials are coupled, where TiO,
NPs/CdS thin films presented absorption on UV and visible region (between 300 and 600 nm) and
the electrons of the material are exciting with less energy from photons. This noticeable shifting
and the intensity changes on the bands are ascribed to the bonding and the interaction between

TiO, and the CdS. The determinate band gap energy of the thin film of TiO,/CdS is 2.8 eV (Fig.
7b).

Transmittance (%)

20 530 nm
109 349 nm

T T T T T T T T T T T
300 350 400 450 500 550 600 650 700 750 800 850 900

Wavelength (nm)

hv (eV)

(a) (b)

Fig. 7. a) UV-Vis transmission spectra for a TiO,NPs/CdS thin film, b) Tauc variable vs Energy.

3.3.2. Morphology characterization of TiO, NPs/CdS thin films
Fig. 8a and 8b shows a homogeneous surface of CdS (the CdS appearing as the darker

gray color), with agglomerated TiO, nanoparticles covering it (the agglomerated nanoparticles are
color white).
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Fig. 8. (a) and (b) SEM micrographs and (c) EDAX analysis for TiO, /CdS thin films.

The images indicate that no full coverage of the TiO, on the CdS film is achieved. Fig. 8b
shows more detail of this effect and no full coverage was achieved where no complete
homogeneity of the nanoparticles is seen. This non homogeneous dispersion of TiO, nanoparticles
on CdS can be attended with future work where the dispersion of the nanoparticles can be
improved for their subsequent deposit in thin film, however this did not influence to achieve a
photocatalytic activity of the proposed system of TiO, NPs /CdS thin films, as is explained in the
next section. Also, it is observed by means of EDAX (Fig. 8c) that the elemental distribution of
Cd, S, Ti and O is homogeneous with atomic percentages relation according of chemical
composition for CdS and TiO,.

3.4. Photocatalytic test

3.4.1. Optical characterization of methylene blue

The UV-visible spectrum of MB solution (20.253 mg/L) displays an absorbance at two
bands with maxima 663 nm and a hump at around 610 nm corresponding to the absorption bands
of the monomeric and dimeric species respectively as reported (Fig. 9 black dotted line) [49].

- - - Methylene blue 663 nm
Photocatalysis with
TiO, Nps/ CdS thin film

Absorbance (a.u.)

T T T T T T T T T T T
300 350 400 450 500 550 600 650 700 750 800 850 900

Wavelength (nm)

Fig. 9. Absorption spectrum of a solution of methylene blue concentration before and
after of 60 minutes of heterogeneous photocatalysis.
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Fig. 9 also shows that the absorbance intensity of MB after heterogeneous photocatalysis
with TiO, Nps films/CdS thin films, versus the wavelength decreases dramatically and no new
bands appear, which indicates that the MB (monomer and dimer) can be decomposed. It can be
acknowledged that the discoloration occurs at the same time, and MB can be decomposing, where
the photocatalytic reactions promote the oxidative capacity in the system causes the acceleration of
photoreaction as can be seen in Fig. 9, causing a decrease in the MB concentration of 43%, thus
checking the ability of the films CdS and TiO, Nps to recombine electron pairs hollow generating
hydroxyl radicals *OH when they interact with MB.

The photocatalytic tests can take up to 5 hours to obtain a high photodegradation
performance [50].

—7— TiO,/CdS thin film
16 o with k=0.0095
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Fig. 10. Reaction kinetics of methylene blue degradation.

In this work, a reaction time of 60 minutes was employed to obtain the initial variables and
the reaction constant (k). In this calculation, the following differential equation (equation 2) of first
order used:

ac _

—=kC )
Solving this equation gives equation 3:
C(t) = Coe™™t (3)
Solving equation 3 for k yielded:
In( St
k= —@ @)

Finally, equation 4 was solved using the values obtained experimentally for C, (20.253
mg/L), C(t) 11.4934mg/L and t: 60 minutes. Accordingly, thus the kinetics of MB degradation are
shown in Figure 10, which indicates that the dye degrades 50% after 100 minutes considering that
it can vary due to the weather conditions found at the time of the heterogeneous solar
photocatalysis.

Fig. 11 indicate the concentration of the replicates as well as the standard deviation of the
replicates, the experimentation has standard deviation due solar radiation is different every day.
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Fig. 11. Error bars indicate standard deviations and concentrations of triplicate experiments.

4. Conclusions

This work has reported, for the first time, on the successful synthesis of a new material
obtained by soft chemistry at low temperature composed for TiO, NPs/CdS thin film/Glass
substrate used in heterogeneous photocatalysis to degrade an organic compound as Methylene
Blue. The photocatalytic activity presented 42-43 % of MB degradation within 60 minutes. This
new material and photocatalytic process can be extended to apply in the treatment of industrial
wastewater containing others organic pollutants.
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