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Abstract

At present, photocatalysis technology based on semiconductor photocatalysts has been proven
to be efficient method in dye wastewater treatment. It is the most promising and cost-effective
approaches to reduce environmental hazards significantly related to the industrial
development. In this research, ZnSe, Co0,SiO; and their composite ZnSe/Co0,SiO,
photocatlytic semiconductor were successfully synthesized by solvothermal and sol-gel
method, respectively. The X-ray diffraction, UV-Vis diffuse reflectance spectroscopy (DRS),
Photoluminescence (PL), Fourier transform Infrared (FT-IR) and scanning electron

microscope (SEM) were used for characterization of the synthesized sample.

The photocatalytic activity of ZnSe, Co0,SiO, and their composite ZnSe/Co0,SiO, were
evaluated for degradation of Methylene blue (MB) dye under visible light irradiation. The
results show that, the degradation potential of bare ZnSe and Co,SiO, after 75min irradiation
was about 37.7% and 30.5% respectively. However, the degradation potential of
ZnSe/Co,Si04 (80/20), ZnSe/Co,Si04 (70/30), ZnSe/Co,Si0O4 (60/40) composite after 75min
irradiation time are 93.6%, 94.3%, 96.6% respectively. Compared with pure ZnSe and
Co0,Si0,, the ZnSe/Co,Si0, Composite exhibited excellent photocatalytic performance for the
degradation of methyl Blue dye, which was attributed to the effective separation of electron—
hole pairs and improved light absorption result from coupling of ZnSe and Co0,SiO,. Among
the three synthesized composites, ZnSe/Co,SiO, (60/40) show better photocatlytic degradation
performance indicating that the molar ratio of ZnSe to Co0,SiO,4 plays an important role in
determining photocatalytic activity. Furthermore, the photocatalytic activity of the composite
photocatalyst was retained after four recycling runs and the result shows that the composite

has high stability under visible light irradiation.
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Chapter One

Introduction

1.1 Background
Water pollution caused by hazardous organic chemicals used in industry and agriculture is a

very serious problem[1]. The industrial revolution has led to the pollution of the natural
resources in massive proportions. Environmental pollution caused by anthropogenic sources is
a day-to-day problem faced by both developing and developed countries. Both air and water
pollution contributes a major share of the overall imbalance of the ecosystem. Wastes released
from textile industries contains large amount of dangerous organic pollutants and heavy metals
which contain serious environmental problems because of their harmfulness, potential

carcinogenicity and non-biodegradability[2-3].

Common pollutants are usually toxic organic compounds like chlorinated and non-chlorinated
aliphatic and aromatic compounds, dyes, detergents and surfactants, agro wastes like
insecticides, pesticides and herbicides, disinfection byproducts, volatile organic compounds,
plastics, inorganic compounds, noxious gases and pathogens[4]. Clean and non-polluted water
is one of the basic requirements for all living organisms including human beings. But its
availability is a major issue nowadays. Pesticides have a great contribution in the production
of vegetable, fruit, cereal, fiber, forage, and oil crops, and their rate of consumption have been
considerably increased.[5]. But when these pesticides have been used inappropriate way, they
may cause for the pollution of food chain, soil, water and air[6]. Sraw at el. reported that they
can be taken as the second-largest pollutant in the drinking water[7]. Moreover, although they
are in small amount they can damage nerve and endocrine system of human body[8].

In the future, this issue will further increase due to global industrialization and population
growth. Natural water is being contaminated by the discharge of industrial, domestic, and
agricultural wastes[9]. The use of dyes in paper, plastics and textile industries has caused an
increase in environmental pollution due to the amount of wastewater containing dye stuffs that

are discharged into aquatic systems[2,15].

1 | ASTU, Materials Science and Engineering Department



Synthesis and characterization of ZnSe/Co,SiO, composite for the degradation of methylene blue (MB) dye in water

Dye wastewater mainly contains organic pollutants and toxic substances, which are difficult to
be biodegraded. At present, photocatalysis technology based on semiconductor photocatalysts
has been proven to be an inexpensive and efficient method in dye wastewater treatment. Due
to their catalytic properties of low cost, low energy consumption and has no secondary
pollution, Semiconductor photocatalytic technology has gotten a great attention[11-12].this
process is a green technology which require visible light active semiconductor[13].

Among several methods used for removing toxic substances from industrial wastewater,
Photocatalytic materials are good materials for purification of waste waters[14]. Indeed,
photocatalytic process is the simplest and cost-effective process for removing organic and
inorganic pollutions from the waste waters[15]. also heterogeneous photocatalysis has been
studied as an emerging and efficient technique[16]. Recent studies have shown that
heterogeneous semiconductor (TiO, and ZnO) photocatalysis can be an alternative to conven-
tional methods for the removal of dye pollutants from water. ZnO and TiO; are the two most
important photocatalytic materials due to their stability during the photocatalytic process. But,
these two photocatalytic materials have wide band-gap value, which is disadvantage for
photocatalytic activity. So that, they cannot be applicable under a visible-light source
irradiation[18]. The photocatalysis technique is based on the illumination of semiconductor
particles, usually suspended in aqueous solutions. The illumination of these particles with light
energy greater than the band gap energy leads to the production of high energy electron-hole
pairs, which can migrate to the surface of the photocatalyst and can either recombine
producing thermal energy or participate in redox reactions with the compounds that are
adsorbed on the photocatalyst’s surface, thus, leading to complete mineralization of the
organic compounds[19].when these semiconductors are illuminated with an appropriate light
source, the electron/hole pairs are produced with electrons promoted to the conduction band
and leaving the positive holes in the valence band. The generated electron/hole pairs induce a
complex series of reactions that might result in the complete degradation of the dye pollutants

adsorbed on the semiconductor surface[20].

Therefore, absorption of light, formation of photogenerated electron-hole pairs, transfer of
electrons and holes, and occurrence of catalytic reaction are the main factors that should be

considered during synthesis of photocatalytic semiconductor[21-22].

2 | ASTU, Materials Science and Engineering Department
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1.2 statement of the problem
The photocatalytic activities of ZnSe semiconductor, particularly nanostructures, have gotten

much consideration. Researches show that ZnSe structures can only reveal their great
photocatalytic activities under UV light irradiation, in spite of the fact that they have the
absorbing edge for visible light. Zhang et al. investigated the photocatalytic activity of ZnSe
flowerlike hierarchical structures for the degradation of methyl orange (Moment) dye under
visible light. But MO dye totally removes after irradiating for about 9h this show us their

efficiency is so low.

In addition to the efficiency problem (under visible light), this semiconductor during
photocatalytic activity reacts with pollutants and so it cannot be utilized for several times in
photocatalytic activity [34]. Consequently, it ought to be protected by another material that
can be participated within the photocatalytic process. The other issue is short life span of
photogenerated electrons-hole pairs which in turn limit their practical realization. During
photocatalysis process the recombination of electron-hole pairs are major factor which
determine photocatalytic activity[22]. In order to enhance photocatalaytic activity of the

semiconductor material the recombination of charge carriers must be controlled.

Several methodologies are employed within the past to reduce the electron—hole
recombination. However, in this research we use heterostructure formation to improve the
activity of photocatalytic material. Formation of heterojunction structure is one the most
excellent semiconductor-semiconductor junctions for the photocatalytic activity with high
efficiency[21,23].

Semiconductors composites (hetrostructurs) have been proved to extend strongly the
absorption rang and improve the absorption of the solar spectrum. Not only this, but also when
it compared with a single semiconductor, semiconductors composites(hetrostructurs) promote
the generation and separation of photo-induced electrons and holes, so that they can greatly

enhance the photocatalytic efficiency[22-26].

3 | ASTU, Materials Science and Engineering Department
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1.3 General Objective
To design and synthesize efficient ZnSe/Co,SiO, composite for effective removal of

methylene blue (MB) dye in water.

1.3.1 Specific Objective
v To synthesize ZnSe with hydrothermal method and study the morphology, optical &

Crystallography properties.

v' To synthesize Co,SiO, in sol-gel method, study the morphology, optical &
Crystallography properties.

v To synthesize ZnSe/ Co,Si0, Composite.

v Measure potocatlytic performance of ZnSe, Co,SiO,4, ZnSe/Co,SiO, composite.

13.2 Significance of the study
Significance of this study is synthesizing and characterize ZnSe/Co,SiO4 composite for the

degradation of MB dye from waste water. Due to its high performance and low cost, it is
applicable for textile industries to treat waste water which is contaminated by organic
pollutants released during the industrial processing. On the other hand, human life, plants and

animals which suffer from water contamination will be primarily beneficial from this research.
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Chapter 2

Literature Review

2.1 Water Pollution
Water is an essential element for all human being living on the earth, and it is considered as

the most precious resource of human civilization. The depletion of available water resources is
attracting more and more attention around the world due to its key role in socio-economic
development and human health. This is due to excessive use of water and increasing water
pollution. Due to the diversity of manufactured products and the diversity of related chemical
precursors which can be discharged into water resources, the industrial wastewater pollution

has become a serious and complex problem[27-28].

Recently, the growth of industrial and agricultural activities has made it the main
responsibility for the continuous discharge of toxic organic pollutants into water bodies
without any treatment.[29-30]. These industries are considered to be the main sources of
hazardous pollutants in the environment[31]. Azo dyes are mainly used pollutants because of

their dangerousness, they are considered to be the most harmful type of organic pollutants[31].

Many substances such as heavy metals, dyes, surfactants, water-soluble organic pollutants,
pharmaceuticals, pesticides, personal care products and many other substances can pollute
water resources[32-33]. Organic, inorganic or microbial substances can also contaminate
water, but they can be removed by adsorption[34], electrochemical processes[35],
bioremediation and in oxidation processes[36]. Continuous and stable supply of energy is
considered as one of the most challenging tasks to fulfill the energy demands due to rising

population and enhanced living standard[37].

Sunlight is an inexpensive, non-polluting, abundant and endlessly renewable source of clean
energy. The amount of energy that strikes the Earth yearly in the form of sunlight is
approximately ten thousand times the total energy that is consumed on this planet, so
converting solar energy into an easily usable form has attracted considerable interest in the last

several decades[38].
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Due to the potential of utilizing freely available solar energy for environmental remediation
and fuel generation, Elimination of organic dyes using photocatalysis process has been

attracting increasing attention in recent years[39- 41].

However, high amounts of effort have been performed for the decontamination of waste
waters with the aid of UV light active photocatalysts. Due to the low amount of UV light in
the solar spectrum, this idea is not very suitable in industrial application [42]. Hence, visible
light photocatalysis can be a promising option for the effective use of solar spectrum[41]. This
process needs enough amount of visible light to start its photocatlitic activity so that the
amount of visible light irradiation is important prerequisite for the waste water treatment.
Always the photocatalyst with a high activity and efficient response to visible-light irradiation
are highly desirable[43].

Among different semiconductor photocatalysts, ZnS[44-45], Zn0O,[17-46] and TiO,[47,16,7]
are attracting a great deal of research interest for photocat alysts. However, since they have
relatively wide band gaps they can only be excited under ultraviolet light irradiation, which
greatly limit theirs practical application in photocatalysis process. Usually, doping is a
common way to reduce the band-gap value of these wide band-gap semiconductors and to
create defect energy levels in the band gap space Which leds to absorb the visible light
photons[15]. In the total sunlight the ultraviolet light accounts for only 3-5%, but visible light
accounts 44-47%[48-49].

2.2 Methods of Wastewater Treatment
There are numerous methods which have been established for the elimination of organic

pollutants from the waste water, among those some are like physical adsorption, anaerobic
treatment, membrane filtration, chemical oxidation, biological method, and photocatalytic
degradation method. Due to it uses solar energy for environmental purification, photocatalytic
dgradetion has gotten much more attrition[29,22]. Photocatalysis process based on
semiconductors has received great attention because it can degrade different organic pollutants
into harmless yields (such as CO,, H,0, etc.)[50]. There are different kinds of methods to
remove pollutants from aqueous environment such as adsorption, advanced oxidation

processes, nano filtration, electro-coagulation and biological de- gradation [4].

6 | ASTU, Materials Science and Engineering Department
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2.3 Mechanism of photocatalysis dye degradation
Mechanism of photocatalysis dye degradation is based on generation of electron-hole pairs in

semiconductor materials when photon energy greater than or equal to the band gap is
absorbed, inducing excitation of electrons from valance band to the conduction band[51].
these electron-hole pairs can further produce free radicals and provide redox reactions of
compounds absorbed on the surface of the photocatalyst. The consequential free radicals, like

hydroxyls (OH), are very good for the degradation of organic pollutants[52].

e
oo |

Figure 2. 1 Mechanisms of photocatalytic dye degradatio

Excitation

Recombination

G

Oxidation

As shown in the above Figure 2.1, when semiconductors are irradiated with energy higher than
their band gap, electron and hole pairs are generated. It results in the excitation of an electron
from valance band to conduction band, leaving a positive hole behind (hVB+). The hVB+ and
eCB- are strong oxidizing and reducing agents, respectively[53]. The hVB+ reacting with
water to generate *OH. The hydroxyl radical (*OH) produced by has the second-highest
oxidation potential (2.80 V). Owing to its electrophilic property, the *OH can generally
oxidize almost all electron rich organic molecules, finally converting them to CO, and water.
The electrons in the conductive band can react with O,, resulting in an anion radical
superoxide. Further reaction can lead to the creation of hydrogen peroxide that lead to the
creation of *OH. Dissolved oxygen is extremely important to limit recombination which is

very essential for photocatalytic degradation[54,55,40].
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2.4 Semiconductor Heterojunction photocatalysts
A heterojunction, in general, is defined as the interface between two different semiconductors

with unequal band structure, which can result in band alignments[22]. This type of
photocatalysis based on semiconductors has received great attention due to its potential in
solving environmental problems. For instance, ZnO/ZnSe[58,30,59,60,61], ZnO/ZnTe[62,63],
ZnS/ZnSe[3], ZnO/ZnS[25,64], ZnTe/ZnSe[31] have great role for degradation of organic
pollutants in waste water. This technique is based on electron-hole generation by irradiation
with suitable energy light of semiconductor materials. Nanosized particles have distinctive
physical and chemical properties from the bulk that make them applicable in the
photocatalytic process. The photocatalytic degradation of hazardous compounds (dyes,
pesticides, etc.) in an aqueous medium depends on the band gap, surface area, amount of
catalyst, etc. Different metal oxides and sulfides have been working as photocatalysts for
photodegradation of dyes[23]. The separation of photogenerated electron—hole pairs on the
surface of a photocatalyst is very difficult to achieve. Although preventing electron—hole
recombination is a very challenging task, it can be accomplished by the proper design of a
photocatalyst. Various strategies have been proposed to efficiently separate the
photogenerated electron-hole pairs in semiconductor photocatalysts, for instance by
doping[65], metal loading[66], and/or introducing heterojunctions[67]. Among the proposed
strategies, engineering heterojunctions in photocatalysts has been proved to be one of the best

method for the preparation of advanced photocatalysts,( see Figure 2.2)[22].

\ Reduction

oxidation

Figure 2. 2 Electron-hole separations on a heterojunction photocatalyst
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Basically, there are five different types of heterojunctions, these are conventional type-II
heterojunctions[68-69], p—n heterojunctions[70-72]. surface heterojunctions[73-75] direct Z-
scheme heterojunctions[76-77], and semiconductor—graphene (SC—grapheme
heterojunctions[78,47].

2.4.1 Conventional hetrojunction
There are three types of conventional hetero- junction photocatalysts, which are characterized,

based on their straddling gap, type-1, type-11, and type-I11, see fig 2.3 below. In case of type-I
het- erojunction photocatalyst, the conduction band (CB) and the valence band (VB) of
semiconductor are respectively higher and lower than the corresponding bands of
semiconductors[79]. Therefore, under light irradition, the electrons and holes will accumulate
at the CB and the VB levels of semiconductor B, respectively. Since both electrons and holes
accumulate on the same semiconductor, the elec- tron-hole pairs cannot be effectively
separated for the type-I heterojunction photocatalyst[22].When a heterostructure is used in a
photocatalytic reaction, type Il is usually the most common, because this heterostructure can

effectively promote charge transfer and extend the life of charge carriers[37].

Type l Type ll Type 111

Figure 2. 3 Types of Semiconductor Hetrojunction

In this type of heterojunction, the energy gradient at the interface tends to separate electrons
and holes spatially on different sides of the heterojunction, the electrons are fixed on one side
and the other side occupied by holes.
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Type Il should make these materials more suitable For photocatalytic applications. Such
semiconductor heterostructures can easily integrate small and wide bandgap materials to drive
water oxidation/reduction processes simultaneously via multiple combinations[79]. Various
attempts have been made in the past to obtain type Il heterojunctions, such as; TiO,/g-C3N4
[37], BiVO4/WO3[80], Agl/Bi;Oql3 [81], CsNs— BiPO, [82].

As shown in Figure 2.3, the structure of the type Il heterojunction photocatalyst is similar to
that of the type Il heterojunction photocatalyst, beside that the gap becomes so large that the
band gaps do not overlap. Two semiconductors cannot be used in type Il heterojunctions,

making them unsuitable for improving the separation of electron-hole pairs.

2.5 Photocatalytic Semiconductors
Photocatalytic semicondctors are essential substances for purification of waste water. In fact,

the photocatalytic process of semiconductor nanostructures is the simplest and most
economical process to remove organic and inorganic pollutants in water. Therefore, various
semiconductor nanostructures such as ZnO, TiO,, CuO, AgX (Br and Cl) and Ag,CO;3 are
used as photocatalytic Materials in the past few decades.[15] and they can be divided into

two types: (i) homogeneous photocatalysis, (ii) heterogeneous photocatalysis[83].

Titanium dioxide (TiOy) is undoubtedly the most widely used photocatalyst due to its
biological and chemical stability, non-toxicity, cost-effectiveness and high activity.however,
Due to its large band gap (3.2 eV), it can only use ultraviolet light, so it can only use 3-5% of

the total solar radiation reaching the earth at the ultraviolet frequency[18].

Different well-structured semiconducting metal oxides such as TiO;, porous ZnO films,
anatase TiO, nanoparticles, well- aligned single-crystalline ZnO nanobelt arrays fabricated on
a Si wafer and ZnO powders with various size scales were prepared and their catalytic
performance were tested for the degradation of MO under UV illumination[8].

Due to their potential application in nano device various studies have been conducted on 11-VI
chalcogenide semiconductor materials, such as ZnS[40,84], CdS[85- 87], ZnSe[18,43,88,89],
CdSe[90-91], CdTe[92-93] and ZnTe[94], Unique energy band gap characteristic of these

semiconductor materials is one of the most important properties[95].
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2.6 Photocatalitic property of ZnSe
Among various semiconductors which used for photocatalytic materials, zinc selenide

semiconductors is a promising candidate due to its suitable band-gap (2.67 eV) in visible
region. Such of its suitable band gap caused to report several works related to the
photocatalytic performance of ZnSe nanostructures under visible region[96,15,18,60,88]. It is
found that the ZnSe exhibit enhanced photocatalytic activities for the degradation of MO dye
under UV light or visible light[88].

However, this semiconductor during photocatalytic activity reacts with pollutants and so it
cannot be utilized for several times in photocatalytic activity [34]. Consequently, it should be
protected by another material that can be participated within the photocatalytic process. The
other issue is short life span of photogenerated electrons-hole pairs which in turn limit their
practical realization. During photocatalysis process the recombination of electron-hole pairs
are major factor which determine photocatalytic activity[22]. In this research we investigate

the photocatalitic activity of ZnSe, C0,SiO,4 and their composite (ZnSe/Co,Si0,).

2.7 Photocatalitic property of Co2SiO4
The C0,SiO,4 nanostructures show a good degradation performance due to its high potential to

be applied as a novel, and effective type of photocatalyst under UV light irradation for
degradation of the organic dyes. It can be applicable for photocatalytic activity of three
(Methyl orange, methylene blue, erythrosine) pollutants under UV light[97]. Also it has good
photocatalytic efficiency under UV light irradiation for acid black, acid brown and methyl

orange[98].
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2.8 Parameters affecting photocatalytic activity

2.8.1 Calcination temperature
The calcination temperature is an important parameter in the synthesis of ceramic materials
and catalysts and can play a critical role in controlling the physicochemical
properties[99].Calcination is a treatment used to increase the photocatalytic activities, even
though it is far from clear how it affects the physicochemical parameters that control the
photoactivity[100]. it affects crystal phase, morphology and photocatalytic performance of the

composites [11].

In general, an increase in the temperature of calcination provides a high crystallinity, a
decrease in the surface area and, for mixed materials or doped semiconductors, an absorption
shift toward the visible spectrum[101-104]. Various studies have been conducted on this area,
and they confirm the great role of calcination temperature on photocatalyitic activity of
semiconductor materials such as, Ti0,[99,105,106,107], CuNi/TiO,[108], BiOX (X=ClI,
Br)[109], AgsPO4[109] Bi,Mos [110].

2.8.2 Concentration and nature of pollutants
Pollutants are depend on their nature, concentration and existence of other compounds to be

degraded in photocatalytic materials. Not only the concentration but also the chemical
structures of the target compound affect the degradation performance of the photocatalytic
reactor. When the concentration of a dye solution increase, the photons get intercepted before
they can reach the catalyst surface, so that this decreases the absorption of photons by the
catalyst.[111]. Therefore, rate of degradation decrease with increasing concentration of dyes.
[112].
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2.8.3 pH of the solution
West water treatment based on potocatalytic material is significantly depending on the pH.

Because it affects the charge on the catalyst particles, size of aggregates and the position of
valance band and conduction band. This influence of pH made it attractive to be extensively
studied[54]. Because of the amphoteric behavior of most semiconductor oxides, the pH of
solution is important parameters that govern the rate of reaction taking place on semiconductor
particle surfaces. Therefore, the effect of pH on the rate of degradation needs to be
considered[111]. Several researches have been studied in this area, for instance
TiO,[4,113,114].

2.8.4 Catalyst loading

The concentration of catalyst in photocatalytic activity is one of the key parameters that
control the degradation rate of the organic compounds. Concentration of catalyst is one of the
mast significant parameters that govern the rat of degradation. And it is known thatdegradation
rat of dyes and pollutants incrase with increasing load of catalyst[53,115].

At high photocatalyst concentration, the probability of particles to be agglomerated is high,
which results in the reduction of the available surface area for the light intake and so that it
reduces the generation of photoexcited electrons and holes which affects the photoactivity and
reaction rate drops significantly[116,111]. many researchers have been studied on the
influence of catalytic loading such as, TiO,[4,53,114,117,118].
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2.8.5 Surface Area and Morphology
photocatalytic activity of semiconductor materials can be affected by surface area, crystal

composition, distribution, porosity, bandgap, particle size, and surface hydroxyl group
density[100,116,119]. morphology also affect the photocatalytic property of the
material[43,120]. Generally the degradation performance of the photocatalytic material is
influenced by surface area and morphology. As a result, the dependency of the pollutant
degradation rate on the surface area and morphology has been investigated in numerous
studies using different pollutants, such as, TiO,[121-122],tungsten—nitrogen-codoped
titania[123].

2.8.6 Effect of Light intensity
UV irradiation generates photons essential for the electron to be exited from the valence band

to the conduction band. The energy of a photon is related to its wavelength and the total
energy required for photocatalytic process is dependent on the light intensity. So that, the
influence of intensity and wavelength parameters are important[111]. The degradation
efficiency of photocatalyitc semiconductor increase as a function of light intensity, whatsoever
the photocatalytic conditions is[124]. the photocatalysis reaction was more efficient under
more intensive light irradiation since more electron-hole pairs are activated, therefore the

irradiation light can affect the reaction efficiency[112,125].
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2.9 Techniques to enhance photocatalitic efficiency
Photocatalytic activity of semiconductors need improvement when the recombination rat is

high[126]. Various approaches have been conducted to solve this issue such as;

2.9.1 Doping
Usually doping is a process of introducing metal or non-metal atoms in the host atom to

increase the photocatalytic activity of a semiconductor without giving rise to a new

crystallographic forms, phases or structures[127].

Efficiency of a photocatalyst materials are highly influenced by its band structure. But,
modifying the band gap of the photocatylitic material, so that it can work under visible light, is
the request of noble photocatalysts. The band gap can be modified either by announcing a new
band between the VB and CB or by strong interface interaction. This can be achieved by
doping with a metal ion, a non-metal substance, covalent and non-covalent doping, etc. It is
known that wide band gap semiconductors limit the light absorption of photocatalyst under

UV region, that leds to restrict the efficiency of semiconductors[128].

Doping is an effective method to extend the light absorption to the visible light region. There
are various classification of doping, such as self-doping, nonmetal doping, transitional metal
doping, and rare-earth metal doping. Usually, the doped ions form additional new energy
levels in the band structure, which is important to trap electrons or holes to separate carriers

from the bands, thus allowing more carriers to successfully diffuse to the surface[129].

In general, commonly used dopants in photocatalytic semiconductor materials can be

classified as the metal cations and the non-metallic elements[83,130].
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2.9.1.1 Metal Cation Doping
Doping of semiconductors may result in point defects which introduce the levels or states

near, above or below the valence and conduction bands. When the metal is incorporated in a
lattice(it is doped in the form of metal ion), it produces a band or energy level in the forbidden

energy area which helps the material able to absorb visible light.

Furthermore, the doped metal in the form of metal ion can change the equilibrium
concentration of charge carriers by acting as an electron acceptor, which increases the total

quantum efficiency of the photocatalytic activity[83].

commonly used metal cation dopants for semiconductors are mostly including transition metal
ions, such as Fe**, Co®*, Mo®*, Ru**, Ag®, Cu®*, Rb*, Cr¥*, v*', etc. most of the time, the redox
energy states of those working metal cations fall within the band gap states of corresponding
semiconductors. So that, doping of those metal ions will result in an intraband state near the
CB or VB edge of a semiconductor. Therefore, the red shift in band gap absorption of a metal-
cation-doped semiconductor is mainly contributed by the charge migration between the d
electrons of the doped cations and the CB (or VB) of the corresponding semiconductors. In
addition, the doped metal cations can act as an electron-hole trap, regulating the charge carrier
equilibrium concentration. Even if some transition metal cations could offer new energy levels
as electron donors or acceptors, and effectively improved the visible light absorption capacity
of corresponding semiconductors, this method is also known to undergo from many
disadvantages, such as bad thermal stability, significant increase in the carrier-recombination

centers, and the high cost for an expensive facility[83,130].
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2.9.1.2 Non-Metallic Anions Doping
On the other hand, doping the semiconductors with appropriate non-metallic anions has been

verified to be a facile way to control the intrinsic electronic structure of semiconductors and
can construct various heteroatomic surface structure, so that it can improve photocatalytic
activity under visible light irradiation. In general, there are two important factors for
controlling electronic stat of the dopant and the corresponding heteroatomic surface structure

of the catalysts, which are chemical stets and locations.

According to the researches, three basic criteria should be satisfied in doping of a
semiconductor: (i) formation of states in the band gap of corresponding semiconductors
should be appeared with an enhanced visible light absorption capacity, (ii) minimum of CB
including the doped states should be equal to the semiconductor’s or higher that the H,/H,O
level, therefor the photoreduction can be conducted, and (iii) the states in the gap should
adequately overlap with the band states of semiconductors to certify that photoexcited carriers

can migrate to the surface of catalysts within their lifetime [83,130].

Due to the band gap narrowing and the shift of absorption edge, nonmetal elements having
high ionization energies and electronegativity, such as nitrogen, carbon, boron, sulfur,
fluorine, and chlorine, are capable strategy to improve the visible light photocatalytic
activity[129].
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2.9.2 Composite formation
Heterogeneous photocatalysis has received a great attention due to its ability in solving

environmental problems [1]. This method is based on the generation of electron-hole pairs by
irradiating suitable photon energy in photocatalytic semiconductor materials[23]. The most
widely used heterojunction semiconductors are TiO,-based photocatalysts and some limited
non-TiO2 based systems. Commonly researched composites are TiO,-based photocatalysts
include WO3/TiO,, MoOs3/TiO,, ZrO,/TiO,, Fe,03/TiO,, ZnO/TiO,, SnOL/TiO,, CuyO/TiO,,
Bi,O3/TiO,, CdS/TiO,, BiySs/TiO,, and so forth[131]. Construction of heterojunction
composite is a method of increasing the charge separation and absorption towards visible light
region. Increasing charge separation will reduce recombination resulting in more production of
reactive oxidizing species so that this leads to improve degradation of organic pollutants [83].
Heterojunction between two semiconductors improve the departure of photo-generated
electron-hole pairs. Therefore, it is important to enhance the photocatalytic activity of the

semiconductors[132].
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2.9.3 ZnSe based composites for photocatalytic activity
Semiconductor materials have attracted increasing interest in recent years because of the

unique structure, stable chemical properties and high performance in devices. With special
properties such as a direct band-gap and excellent photoelectrical characteristics, ZnSe based
semiconductor are promising materials for applications in such fields as photocatalysts, light-
emitting diodes, solar cells, photodetectors, and so on. However, in Table 2.1 we summarize

photoctlytic performance ZnSe based composites.

2.9.3.1 ZnSe/ZnTe
ZnTe is a p-type semiconductor having a direct band gap value of 2.2eV at 300 K and is a

promising material owing to its wide range of applications in solar cells, blue—green LEDs,
and in optoelectronic devices. The phtoctlytic activity of ZnSe can be improved by forming a
composite with zinc telluride[31,133]. ZnTe is widely used in photocatalysis owing to its
narrow bandgap. Many reports have been published on the enhanced photocatalytic activity of
various materials that form a heterojunction with ZnTe[136,137]. photocatalytic reaction
system with semiconductor nanoparticles such as TiO,, Fe;O3, SnO,, and WQO;3 as the nano-
catalyst has been experimented in the previous studies. Among this catalyst, chalcogenide
quantum dots (QDs) such as ZnTe QDs has applied in the photocatalysis system due to high
electrical conductivity[138].

2.9.3.2 ZnSe/TiO2
TiO, is the other important photocatalytic semiconductor material for environmental

applications because of its strong oxidizing and reducing ability, low cost and availability.
However, like ZnO, TiO, also responds only to UV light due to its wide band gap, which
restricts its applications[139]. Many attempts have been devoted to improving the visible light
photocatalytic activity of TiO,. Recent, studies have reported various methods of coupling
TiO, to a narrow-band gap semiconductor to enhance the photocatalytic efficiency under
visible light irradiation. Therefore, Coupling TiO, with ZnSe could enhance the electron-hole
separation and increase the charge carrier lifetime, which improve the photocatalytic activity
of TiO,[140].
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2.9.3.3 ZnSe/ Graphene
Nanostructured carbon materials (e.g. graphene) has emerged as high potential material and

increasingly attracted attention, due to its specific properties, including excellent electron
mobil ity, large specific surface area, flexible structure, high transparency and stability at room
temperature. When used to modify other materials, graphene can retard the recombination of
electron-electron hole pairs that are photochemically or electrochemically generated; thus,
graphene can increase the transfer of photogenerated charges and further increase the catalytic
activity[141]. these properties are important features when dealing with the preparation and
use of grapheme based materials and, for this reason, the combination of ZnSe and graphene
could be a good preference to achieve an improved charge separation processes. Thus far,
many researchers have reported the graphene based semiconductor Nano-composites exhibits
enhanced photocatalytic activity. Among graphene based semiconductor photocatalysts,
graphene-based ZnSe Nano-composites were expected to provide improved photoctalytic

activity and promote extraordinary properties under visible-light irradiation[142-144].

2.9.3.4 ZnO/ZnSe
Zn0O, an important wide and direct band-gap semiconductor (3.37 eV for bulk ZnO), is

generally accepted as a promising photocatalyst due to its low ease of preparation, high
catalytic efficiency and environmental sustainability[145]. However, ZnO can primarily utilize
UV light, which is about 4% of the total sunlight reaching the earth. Therefore, it hardly
absorbs any visible light, accounting for about 43% of the solar spectrum, thus restricting its
potential as a solar-driven photocatalyst[49]. Moreover, practical applications are still impeded
by its poor photostability due to photoinduced dissolution in photocatalytic processes. Thus,
the key to promote the ZnO-mediated photocatalytic degradation is to modify the ZnO surface
with another material for higher solar energy utilization efficiency and to enhance the

separation of photogenerated charges.

Coupling a narrow band gap semiconductor with ZnO is regarded as an efficient strategy to
extend the photoabsorption capacity of ZnO to the visible range and to reduce the tendency
towards charge recombination. Therefore, ZnSe, with a suitable band gap (2.67 eV), is a good

material to extend the visible light absorption of ZnO by constructing composites[146].
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Table 2. 1 Summary of ZnSe based composite

Types of | Catalytic ove _ Dyes Time | Efficiency
concentration
catalyst loading Refer
ence

ZnSe 1g/L 5mg/L Orange Il 60min 20.23% [147]
ZnTelZnSe 0.1g/L 80mL CR Dye 65min 94% [31]

ZnS/ZnSe 10mg/L 10mL MO 60min 91.8-95.8% | [3]

(1:1) &(1:3)

CuSe/ZnSe 0.39/L% 100mL MO,MB 60- 96-100% [149]

90min
YboosaZNgoeSe | 1g/L 5mg/L Orange 60min 64.01% [147]
solution

Ndggs6ZNo.0sSe | 100g/L 5mg/L Acidorang 7 | 120min | 84.20% [148]

ZnSe 0.5g/L 100MI Rh-6G 120min | 44% [150]

ZnSe/TiO, 1g/L MO 10mg/L 30min | 80% [23]

Zn0O/ZnSe 1x1.5cm | 5mL of10°M | RhB 120min | 96.0% [59]

Zn0O/ZnSe 100 mg 75 ppm Congo red 40min 90.89% [30]

ZnSe/TiO, 100mg 10 mg /L MO 120 min | 80% [23]

ZnSe/ 10 mg 35 mg/L MB 6h 99.1% [29]

Graphene
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2.10 Synthesis Methods for Photocatalytic Materials

2.10.1 Sol- gel method

Sol-gel method is a good method for synthesis of nanomaterials consisting of the preparation
of a sol, successive gelation, and solvent removal. This process indicates chemical
transformation from a liquid “sol” into a gelatinous network “gel” phase with subsequent post

treatment and transition into solid oxide material[151].

It is the most widely used methods which used to get homogeneous mixture in molecular of
metal ion; this leads to enhance the formation of particles in special properties. In this

synthesis method doping can easily be performed during gelation process[152].

The Sol is obtained by either hydrolysis or polymerization reactions by adding suitable
reagents in the precursor solution whereas; gelation process done through condensation of the
sol or addition of polymers converts this sol to gel. This gel can be used to form materials of
different types such as nanoparticles, xerogel, glass or ceramics depending upon the further

processing steps involved[153].

2.10.2 Hydrothermal and solvotermal method
The term “hydrothermal/solvothermal process” is defined as doing a chemical reaction in

sealed vessels in which the temperature of solvents near their critical points via heating
simultaneously with autogenous pressures. The process called as “hydrothermal” when water
is used as the solvent, and it is called “solvothermal process” when organics are used as a
solvent [154]. This technique is helped by steel pressure vessels known as autoclaves. It may
have Teflon liners under controlled temperature or pressure[152]. this apparatus used to
growth the crystals and the nutrient supplied along with water[155]. Material synthesis
through hydrothermal/solvothermal methods is a crystallization process directly from
solutions that usually involve two steps: crystal nucleation and subsequent growth. By
controlling processing variables, such as temperature, pH, reactant concentrations, and
additives, the final products could be fabricated with desired particle sizes and
morphologies[154,156].
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Chapter 3

3.1 Materials and methods
Solvothermal and sol-gel methods have been used to synthesize ZnSe and Co0,SiOq4

respectively, and the composite ZnSe/Co0,SiO, also formed via sol-gel method. Zinc acetate
(Zn(CH3C0O0),), Se powder, Sodium hydroxide(NaOH), sodium silicate(Na,SiOs) and cobalt
nitrate(Co(NOs),) were used as precursors, whereas Ethylene glycol(EG) and distilled water
were used as solvents. All the chemicals and reagents purchased from loba chemie
PVT.LTD. All the experiments and characterizations have been done in materials science and

engineering department, ASTU.

3.2 Characterization Instruments

All the synthesized samples are characterized by X-ray diffractometer (XRD), Scanning
Electron Microscope (SEM), UV-Vis diffuse reflectance spectroscopy (DRS), UV-Vis
spectroscopy, Photoreactor, Photoluminescence Spectroscopy and Fourier transform infrared
(FT-IR).
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3.3 Experimental Design

3.3.1 Synthesis of ZnSe

The ZnSe were synthesized by solvothermal method, both zinc acetate (Zn(CH3COO),) and
Se powder were used as Zn and Se source respectively. 10 mmol of Se powder was dissolved
in 30 mL of NaOH solution (2mol/L). After stirring for 15 min, 10 mmol of zinc acetate was
added into the solution and then stirred for 30 min. Finally, 20 ml of EG were poured into the
above solution. After stirring 1h, the solution was transferred into an 80ml stainless steel
Teflon lined autoclave. The autoclaves were sealed and heated at 180 °C for 24 h. when the
reaction time end, the autoclave was then cooled to room temperature. The products were
centrifuged and washed five times in distilled water and two times in ethanol. Finally, the
products were dried in vacuum oven at 80 °C for 8 h to obtain yellow powder sample[18].

Figure 3.1 shows the solvothermal synthesis of ZnSe.

‘ 2
Transfer to the
autoclave '

Dissolve Se powder in
NaOH solution and add zinc Heat at
acetate Finally add EG then 180°C for
stir 24h 3

Cool, wash and dray the
sample to obtain yellow
color powder

Figure 3. 1 Schematic illustration for Synthesis of ZnSe
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3.3.2 Synthesis of C0,Si04
The Co0,Si0O4 were synthesized by the sol-gel method, starting from cobalt nitrate and sodium

silicate. The C0,SiO,4 was prepared by slowly dropping 5ml of a 4M Na,SiO3 solution and 5
ml of a 2M Co(NOj3), solutions into 40 ml water under rapid stirring. After 1h stirring, a
viscose gel was obtained. The gel then washed 4times by distilled water and 2 times by
ethanol and then dried in vacuum oven at 80°C for 8h and a bluish violet (purple) powder was
obtained. The dried gel was calcined at 800°C for 3 h and a blue like powder was

obtained[157]. Figure 3.2 shows synthesis of C0,SiO,,

Sml of a 4M 7 5 mL of a2M
Na,SiO; @ y Co(NO3),
\

Slowly drop wise S1 and S2
in 40ml of water (S3) and

stir for 1h
Wash and dry S3 to obtain purple Anneal at 800°C for 3h to
like powder obtain blue like powder

Figure 3. 2 Schematic illustrations for Synthesis of Co,SiO,
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3.3.3 Synthesis of ZnSe/C0,SiO4

Three different molar ratio of ZnSe to C0,SiO4 composites have been synthesized by simple
sol-gel  technique such as, ZnSe/Co0,Si04(80%/20%), ZnSe/C0,Si04(70%/30%),
ZnSe/C0,Si04 (60%/40%). The composite were synthesized by dissolving appropriate amount
of ZnSe and Co0,SiOy4 in 20ml of ethylene glycol (EG) individually, and separately sonicated
for 30min to be dispersed. After sonication, the two solutions have been mixed by drop wise.
After stirring for 3h, the products were centrifuged and washed three times in distilled water
and two times in ethanol. Finally, the products were dried in vacuum oven at 80 °C for 8h to
obtain ZnSe/Co,Si0,4. The corresponding products were denoted as 80/20, 70/30 and 60/40%
percent of ZnSe to Co,SiOy, respectively. Figure 3.3 shows synthesis of composites.

1 Dissolve ZnSe powder Dissolve Co2Si04 3
in 20ml of EG powder in 20ml of EG
N ——— —?
Wash and dry to obtain
ZnSe/Co,S10, powder
Separately
sonicat for
30min
2

Mix S1 & S2 and
stirring for 3h

Figure 3. 3 Schematic illustrations for Synthesis of C0,SiO,
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3.4 Photocatalytic Dye Degradation Test

The photocatalytic  activities of the ZnSe, Co0,SiO4,  ZnSe/C0,Si04(80/20),
ZnSe/C0,S104(70/30), ZnSe/C0,Si04(60/40) have been investigated for the degradation of
Methyl Blue(MB) aqueous solutions under visible light irradiation. The irradiation was
afforded by a 150W halogen lamp with a cutoff wavelength of 420 nm. 50 mg of each sample
were used in 10 ppm of MB to investigate their photocatalytic activity. The samples were
placed in the bottom of a cuvette containing 100ml of MB aqueous solutions (10 ppm). The
photocatalytic tests of all samples have been done at room temperature. In every 15min
irradiation time intervals, the solution concentration of MB have been taken and analyzed by a

UV-Visible spectrometer.
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Chapter 4

Result and discussion

4.1 XRD results
The XRD pattern of the synthesized ZnSe is shown in Figure 4.1. All the diffraction peaks of

the samples are in good agreement with the given diffraction data of standard ZnSe(JCPDS
file 000371463). According to the XRD pattern, the crystallinity of products is high and the
planes of (111), (220), (311), (400) and (331) for ZnSe have been observed in the 26 range
value from 26 to 73°. All the peaks are arising from ZnSe, no other impurities were observed,

indicating that the high purity of the sample and the final product were pure FCC ZnSe.

4 (111)
= (220)
s
.
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= ] (311)
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Figure 4.1 X-Ray diffraction of as prepared ZnSe
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The XRD pattern of the as synthesized C0,SiO, is shown in Figure 4.2, which doesn’t have
diffraction peaks, confirming its amorphous nature, whereas Figure 4.3 shows the DTG-TGA
curve of Co,SiO4. As shown in the red curve in Figure 4.3 the Co,SiO,4 powders become stable

in the temperature range between 700- 900c.
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Figure 4. 2 X-Ray diffraction of the as synthesized C0,SiO,
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4.2 TGA-DTA analysis
The DTA/TGA curves of the thermal degradation of the C0,SiQy, is shown in Figure 4.3, it

indicates that a large weight loss of 17.7% from room temperature to around 230 °C,
observed by a broad endothermic peak, that's attributed to the evaporation of adsorbed water.
A weight loss of 6.6% from 230 to 254 °C and an exothermic peak at 254 °C is observed. This
exothermic transition is associated with the burning of the organic residues in the C0,SiO4
precursor gel. A small weight loss of 0.35% from 255 to 990 °C, observed by exothermic peak
at 729°C which related to the reduction of Co30, to CoO with the corresponding release of O
and the formation of C0,SiO,4 [162].
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Figure 4. 3 The DTG-TGA curve for Co,SiO, Prepared from sodium silicate as a silicate source
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Based on the information from Figure 4.3, annealing Co,SiO,4 powder at the temperature range
between 700-900°C can make the powder crystal, so that, the diffraction peak can appear.
Figure 4.4a, shows that the annealed C0,SiO; at 800°Cfor 3h and the peaks are in good
agreement with JCPDS file 00-015-0865. The final product was orthorhombic C0,SiO;.
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Figure 4. 4 XRD of a) Co,SiO, (annealed at 800°C for 3h), and b-d) ZnSe/Co,Si0, composites.

The XRD result of hetrostructor ZnSe/Co,SiO, is shown in the Figure 4.4 b-d; the result
showed that there is no considerable difference from the peak value of pure ZnSe that is due to

the amorphous nature of the Co,SiO, which can’t contribute a peak value in ZnSe/C0,SiO,4

hetrostructure.
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The average crystal size was also determined from the full width of the half maximum
(FWHM) peak using Scherer formula as follows:

D =KA/BCOSO....oovviiiiiiiiiiiiiii, (1)
Where D = crystallite size K = shape constant i.e. 0.9
A = wavelength of X-ray radiation i.e. 0.15406
B = full width at half maxima (FWHM) 0 = diffraction angle

Table 4. 1 Average crystal size of prepared samples

Samples Average Crystal size ( nm)
ZnSe 33.94
C0,Si04 16.05
ZnSe/ C0,Si04(80/20) 34.14
ZnSel C0,Si04(70/30) 34.24
ZnSe/ C0,5i04(60/40) 35.38

As shown in the table 4.1 the crystal sizes of the composites are nearly equivalent to the
crystal size of ZnSe. There is no significant difference in their crystal size. The addition of
Co0,Si0,4 didn’t affect the crystal size of the samples.
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4.3 Optical property (DRS results)
Studying the optical properties of materials is a convenient and effective way to explain some

important properties related to the band structure. The optical properties of ZnSe, Co,SiO, and
ZnSe/ Co,Si0O, are analyzed by diffuse reflectance spectroscopy UV-Vis (DRS).The band gap
energy (Eg) was calculated by a modified Kubelka-Munk function.[23]

F(R) = (1 —R)?/2R = g RN ¢7)

where K and S are the absorption and scattering coefficients, respectively. The optical
absorption spectrum of ZnSe, Co,SiO,, and ZnSe/ Co,SiO, nanostructures represents in Figure.
4.5. Band gap of all the samples was estimated by plotting (F(R)hv)? vs. hv as shown in inset
of Figure .4.5 and extrapolating the linear portion near the onset of absorption edge to the
energy axis. Therefore, band gap of ZnSe, Co,SiO, and ZnSe/ Co,SiO, are 2.58eV, 3.2eV,

3.12eV respectivly.
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Figure 4.5 Kubelka plot of synthesized a) ZnSe, b )C0,SiO4 and c-e) ZnSe/ Co,SiO4 Composite
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4.4 Morphological Analysis
Scanning electron microscope has been used to investigate the structures and morphologies of

the synthesized samples. The SEM images of the synthesized samples are shown in Figure 4.6
(a-c). These images indicate that the samples are agglomerated. Fig4.7a shows image of pure
ZnSe which composed of small particles with irregularly shaped aggregates. As shown in the
figd.7b the Co,SiO, take a random shape of aggregates composed of a large quantity of small
flakes. Figure 4.6¢ shows images of the composite ZnSe/C0,SiO4. A slight change in the
morphologies of the composite can be observed, which result from the addition of Co,SiO,4 to

ZnSe.

Figure 4.6 SEM images of a) ZnSe, b) C0,SiO,, ¢) ZnSe/C0,Si0,
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4.5 Photoluminescence spectra analysis
The PL emission spectra have been widely used to investigate the efficiency of charge carrier

trapping, immigration and transfer, and to understand the fate of electron hole pairs in
semiconductor particles. Figure 4.7a shows the PL spectra of ZnSe which exhibited emission
peak at 550 nm regions under an excitation wavelength of 250 nm, it has higher intensity peak
which indicating that the recombination rate is high. However, the PL intensity of C0,SiO,
(Figure 4.7b) exhibit a small intensity peak (which indicate the recombination rate in is small)
at the same wavelength. Comparing with ZnSe the composite ZnSe/Co,SiO4(figure 4.7c)
shows a small decrease in intensity (ZnSe > ZnSe/Co0,Si0, > C0,Si0,4) that is due to the effect
result from addition of C0,SiO,4. Therefore, adding Co,SiO4 on ZnSe result in decreasing the
recombination rate of ZnSe and also result for abettor absorption capacity. One of the main
contributions to the reduction in the measured luminescence from ZnSe is the suppression of
surface recombination of photogenerated electrons and holes in ZnSe at 550nm. In particular,
the UV ZnSe emission is reduced when Co,SiO4 is added. Therefore, it implies that the
tendency of surface recombination of electron-hole pairs in ZnSe/Co,SiO4 composite has been
decreased.
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Figure 4. 7 PL of a) ZnSe, b) C0,SiO4 and ¢) ZnSe/Co,Si0, (60/40)
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4.6 FTIR results
Fourier transform infrared spectroscopy (FTIR) is an important analytical method for

determining functional groups and confirming the presence of chemical bonding in
semiconductor compounds. Therefore, the FT-IR spectra of the synthesized ZnSe, C0,SiO,
and ZnSe/Co,Si0, are taken in the range of 4000-400 cm™ at room temperature, see Figure

4.8.
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Figure 4. 8 FTIR of a) ZnSe, b) ZnSe/C0,Si04and ¢) C0,SiO,

In Figure 4.8 the FTIR spectra of ZnSe, Co0,SiO4, and ZnSe/Co0,SiO, composites are
compared. The FTIR peaks of the ZnSe/Co,SiO4 composites exist in both ZnSe and C0,SiOs,
proving that ZnSe/C0,SiO, composites are obtained.

In Figure 4.8 curve ‘a’ shows the FTIR spectra of ZnSe, under this curve, the characteristic
major peak appearing at 533 cm™ belongs to Zn-Se vibrations. The broad peak at 3636 cm™
and the weak peak at 1678 cm™ are assigned to O-H characteristic vibrations resulting from all
small quantity of H,O in the sample[158]. The band at 2,921 cm™ was ascribed to the

asymmetric stretching of C—H[98,159].
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Furthermore, the absorption peak at 1506 cm™ corresponds to vibration due to C-H bending in
the methylene group, while the peak at 1195cm™ is associated with C-N stretching
vibration[160]. whereas curve ’c’ in Figure 4.8 shows the FTIR of Co0,SiO,, the Peak at 1630
cm ' is related to carboxyl stretching mode and the absorption band at 1071cm™ is assigned to
the Si-O. The absorption bands at 685,585 and 478cm™ are assigned to the Co-O (metal-
oxygen) stretching mode[98]. The peaks at about 851 cm™ can be assigned to the SiO,4
tetrahedron vibrations[97]. The cure ‘b’ in figure 4.9 shows the absorption peak at 3597 and
1661cm™ which indicate the stretching and bending vibration of O-H groups of adsorbed
water molecules in the sample. While the peak at 998, 660 and 456¢cm™ are associated with Si-
O, Co-O stretching and Zn-Se vibrations, respectively.

4.7 Photocatalytic Dye Degradation activity
The degradation potential of ZnSe, Co,SiO,, and ZnSe/Co,SiO, hetrostructure are investigated

under visible light, methyl blue (MB) was selected as the target pollutant. 50 mg of each
powdered sample were transferred to 100 ml of stock MB solution. The concentration of MB
is monitored as a function of time, in every 15min. Figure 4.9 demonstrates the visible
absorption spectrum of degraded MB solution. As shown in Figure 4.9, the maximum peak at
660 nm abruptly decreased the intensity in 30 min dark reaction due to the dye adsorption
ability of the catalyst. Moreover, when the time passes by the intensity gradually decreased
under visible light irradiation. The result shows, with increasing the reaction time, the
absorption peaks of three samples gradually decreased, and methyl blue degraded with time.
Compared with ZnSe (Figure 4.9a) and Co,SiO, (Figure 4.9b), the heterostructure of
ZnSe/Co,Si0, exhibited stronger degradation potential, It is also indicated that the adsorption
of MB dye under dark was maximum and makes the pollutant concentration lower in the
solution. Moreover, the degradation of MB dye with ZnSe/Co0,SiO4 also further enhanced,
which was caused by the effective separation of electron—holes pair of composite (Figure 4.9c,
d, e).
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Figure 4. 9 The visible light absorption spectra of methylene blue (MB) observed at regular time
intervals, with the (&) ZnSe, (b) C0,SiOy, (c) ZnSe/C0o,Si0, (80/20), d) ZnSe/C0,Si04(70/30, €)
ZnSe/Co,Si0,4(60/40)samples and f) C/Cy photocatalytic degradation rates of ) ZnSe, Co,Si0, and
ZnSe/ Co,Si0, composites.
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The photocatalytic degradation rate of Methyl Blue in ZnSe, C0,SiO4 and ZnSe/ Co0,SiO,
samples were shown in Figure. 4.9f, (C/Cy where Cy is the initial absorbance and C is the
absorbance at time t). As can be seen, the degradation rat of ZnSe/Co0,SiO, (60/40) is higher
than from all. To demonstrate this point, the photocatalytic rate constant for the MB
degradation (k) was also determined by Langmuir—Hinshelwood pseudo-first order kinetic
equation.[161]

In (%) = K oo e (4)

Where k is the first-order rate constant.

Figure 4.10B presents the results of this plot for all samples. As can be seen, the constant rate
of the ZnSe, C0,Si0O4 and ZnSe/C0,Si04(60/40) is 0.00656, 0.0445 and 0.03607 respectively.
Therefore, The degradation constant rate of MB over ZnSe/C0,Si04(60/40) is 5.5 and 8 times
higher than that of pure ZnSe and Co,SiO, respectively, indicating that the degradation rate of
MB in ZnSe/C0,Si04(60/40) is very fast.
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Figure 4. 10 A) % degradation of methylene blue (MB) observed at regular time intervals, with the
ZnSe, Co,Si0, and ZnSe/ C0,Si04 so/40) SaMples B) In(Co/C) versus irradiation time for different
photocatalysts
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According to the Beer—Lambert law, the change in the concentration of organic pollutant MB
in aqueous solution is directly proportional to the change in intensity of the absorption peak,
therefore the percentage degradation efficiency of MB is measured by applying the following
expression[64][140].

C0—-Ct
*

%Degradation =

Where Cy is the initial concentrarion of MB, C; is the concentration of MB at a given time t.
As shown in the Figure 4.10A, the degradation potential of ZnSe and Co,SiO, after 75min
irradiation treatment was about 37.7% and 30.5% respectively, however the degradation
potential of ZnSe/ Co0,Si0O; (80/20), ZnSe/Co,Si0O, (70/30), ZnSe/C0,Si04(60/40)

hetrostructures after 75min irradiation time are 93.6%,94.3%,96.6% respectively.

Table 4. 2 degradation efficiency of samples with respective irradiation time

Degradation of MB in Percentage (%)
Omin 15min 30min | 45min | 60min 75min
ZnSe 0% 8.1% 19.3% 27.5% | 33.5% 37.7%
C0,Si0Oy 0% 12.9% 15.3% 21.4% | 24.9% 30.5%
ZnSe/Co,Si04 (80/20) | 0% 69.5% 85.9% | 89.6% | 92.9% 93.6%
ZnSe/Co,Si0y (70/30) | 0% 86.7% 89.0% | 92.6% | 93.2% 94.3%
ZnSe/Co,Si0, (60/40) | 0% 93.6% 94.4% | 95.8% | 96.4% 96.6%
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Table 4.2 shows summery of the degradation efficiency of samples, Comparing all,
ZnSe/Co,Si0, (60/40) exhibit the highest degradation performance and this indicate the molar
ratio of ZnSe to Co0,SiO4 play a great role in degradation of MB. Furthermore, the result
implies that formation of ZnSe/Co,SiO, composite leds to have better degradation efficiency

than the pure ZnSe and C0,SiO;.

4.7.1 Images of Degraded methylene blue

b) C0,Si0, 30.5%

¢) ZnSe/Co,5i0, (80/20), 93.6%  d) ZnSe/Co,Si0, (70/30),94.3%  €) ZnSe/Co,Si0, (60/40), 96.6%

Figure 4.11 Images of degraded methylene blue
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Table 4. 3 The pseudo-first order rate constant (k) and Average value of C/C, of samples

CICy K(min™) Degradation% in 75min
ZnSe 0.79 0.0066 37.7%
C0,Si04 0.82 0.0044 30.5%
ZnSe/Co,Si0, 0.28 0.0351 93.6%
(80/20)
ZnSe/Co,Si0, 0.24 0.0318 94.3%
(70/30)
ZnSe/Co,Si0, 0.20 0.0360 96.6%
(60/40)

In general, the highest degradation rate of ZnSe/Co0,SiO, sample could be explained by
absorption potential and effective charge carrier separation that could be improved due to the
coupling and co-catalyst effect between ZnSe and Co0,SiO,4. So that the improved electron
transport ability could greatly inhibit the recombination probability of charge carriers in
ZnSe/Co,Si04, which can significantly enhance their photocatalytic activity. On the other
hand, the slightly exposed active surface of ZnSe was sensitive to the process of promoting

surface carrier transfer.

The first order kinetics equation In(Co/C) = kt is used to calculate the rat constant of MB on
the photocatalysis, Figure 4.10b shows In(Co/C) versus irradiation time for different
photocatalysts. Also, the above table4.3 shows The pseudo-first-order rate constant (k) and

average value of C/C, of samples.
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4.8 Recyclability Test
According to reports, selenide-based photocatalysts may have the problem of photocorrosion

and oxidation during repeated photocatalytic processes that generate selenide ions, [34] and

the photocatalytic activity process must be stable and reusable in industrial applications.

Cyclic photocatalytic activity is carried out under visible light irradiation to decompose MB

dye. After four photocatalytic cycles, the photocatalytic material was reused by centrifuging

the MB and washing the nanostructures. The result of the reuse test is shown in Figure 4.12.

For the ZnSe/C0,Si04(60/40) composite, slight difference were observed after 75 minutes of

each irradiation.
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Figure 4.12 Recycling experiments for the degradation of MB using ZnSe/C0,Si0,4(60/40) as

photocatalys
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4.9 Possible Photocatalytic Mechanism
The possible catalytic mechanism is proposed and illustrated in Figure 4.13. ZnSe can absorb

the photon energy under light irradiation, and the electrons in the valence band (VB) are
excited to the conduction band (CB) to generate the electron-hole pairs. Subsequently, the
electrons and holes migrate to the surface of the photocatalysts to participate in redox
reactions. Photo-excitation of the electron from ZnSe to the C0,SiO, assists charge separation
by generating more *OH radicals for the degradation of dye molecules. Holes from the valence
band breaks the H20 and leads to the formation of *OH radicals, hence in-turn degrade the
dye molecules. The CB e- reacts with O, molecule to form a super oxide ion (<O%), which can
also react with further dye molecules. Thus overall the active species generated enhances the
photocatalytic process. The photogenerated electron of ZnSe are captured and transferred by
Co0,Si0y, thereby reducing the recombination rate of photoelectron-hole pairs. Overall the
photocatalytic efficacy of the prepared composite is due to the cumulative contribution from
ZnSe and Co02SiO4. The adsorption ability of the composites is enhanced by the presence of
the Co,SiO4. The synergistic effect between Co0,SiOzand ZnSe in the ZnSe/C0,SiO4
composite allows C0,SiO,4 to capture or trap the photo-induced electrons from the conduction
band of the ZnSe, and consequently restrict recombination of electron-hole pair. Therefore,

ZnSe/Co,Si0y4 is expected to show higher photocatalytic activity.
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Figure 4.13 Proposed photocatalytic dye degradation mechanism
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5 Conclusion
We have successfully synthesized ZnSe, Co,SiO4 and ZnSe/Co,SiO,4 photocatlysts using

solvothermal and sol-gel method respectively. The X-ray diffraction, UV-Vis diffuse reflectance
spectroscopy (DRS), Photoluminescence (PL), Fourier transform Infrared (FT-IR) and SEM were used
for characterization of the synthesized samples. The effects of C0,SiO4 on the photocatalytic
performance of ZnSe under a visible-light source irradiation were investigated. The
synthesized ZnSe/Co,SiO4 composites exhibited excellent photocatalytic performance on the
degradation of MB, which was superior over those of pure ZnSe and Co0,SiO4 under visible
light (96.6%, 37.7% and 30.5% respectively). Therefore, hetrostructure of the ZnSe and
Co,Si04 was important for enhanced photocatalytic performance of the ZnSe/Co,SiO,
composites due to decreasing the recombination process of electron-hole pairs and improve
the absorption capacity. However, the molar ratios of ZnSe to Co,SiO, affect the
photocatalytic activity of the composite, ZnSe/C0,SiO,. So that superior degradation potential
of the ZnSe/C0,SiO, heterostructures was observed with the molar ratios of 60%/40%,
ZnSe/Co,Si0,4 (60/40) (about 96.6%). The cocatlyst effects of C0,SiO, also play a great role
in photocatlytic performance of ZnSe/Co0,SiO4. Moreover, ZnSe/Co,SiO, exhibited good
stability in the photocatalytic process under visible light irradiation. Based on the results of
this study, addition of Co0,SiO4 in ZnSe could be the best approach to improve the
photocatlytic performance of ZnSe. Also, ZnSe/Co0,Si0O, composite is expected to be effective

and useful visible light photocatalyst for practical applications.
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