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Abstract 

In this project we were interested in studying the problem of water pollution: causes, effects on 

human being lives and the ecosystem, and existing techniques used to reduce its rate while citing 

the advantages and disadvantages of each of them.  

This project focused on the use of the photocatalysis process to photodegrade microplastic 

pollutants by semiconductor photocatalysts into harmless end products such as carbon dioxide and 

water. Here we report the fabrication of visible light active zinc oxide nanorods (ZnO NRs) using 

the hydrothermal method, in which Methylene Blue (MB) had been used as an organic model to 

study the different phtotodegradation aspects. Wherein, the main goal was to study the effect of 

doping these NRs by N-doped graphene quantum dots-Urea on the absorbance and 

photoluminescence spectrum of ZnO NRs and on the photodegradation rate of MB.  

    

    Keywords: water pollution, photocatalysis, nanoparticles, semiconductor, microplastics, zinc 

oxide, graphene, band gap, electron-hole pairs, conduction band, valence band. 
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Résumé 

Ce travail a été effectué pour mettre en évidence le problème de pollution de l'eau: ces causes, ces 

effets sur les autres vivants et les solutions existantes pour réduire le taux tout en citant les 

avantages et les inconvénients de chacun d'eux. Ce projet s'est interessé surtout sur l'utilisation du 

processus de photocatalyse pour photodégrader les polluants microplastiques par des 

photocatalyseurs à semiconducteurs. Le but principal était d‟étudier l‟effet de l‟imbrication de ces 

NRs par le graphène quantique-urée à points dopés N sur le spectre d‟absorbance et de 

photoluminescence des ZnO NRs et sur le taux de photodégradation du MB.  

 

    Mots clés: photocatalyse, nanoparticule, semiconducteur, microplastique, oxide de zinc, 

graphène, paires electron-holes, bande de conduction, bande de valence. 
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Introduction 

Water pollution is the finest topic to discuss in the modern era and it has become the most popular 

concern in recent years. With industrial development, environment pollution yields high amounts of 

organic contaminants, and this is a serious problem [1, 2]. In addition, microplastics in aquatic 

ecosystems and especially in the marine environment represent a pollution of increasing scientific 

and societal concern. Since the middle of the 20th century, the increasing global production of 

plastics is accompanied by an accumulation of plastic litter in the marine environment. Various 

biological, chemical and physical techniques have been used for the treatment of water system [3]. 

The main drawback of these techniques is formation of secondary waste product. Thus, attention 

has been focused on the oxidation of organic compounds to harmless products using the oxidation 

advanced process (AOP) and especially on the photocatalysis process to remove organic 

contaminants and noxious bacteria using the solar power and semiconductor-based photocatalysts 

[4-6]. The efficiency of the semiconductor photocatalysts, such as ZnO [7, 8], TiO2 [9-13], CdS 

[14, 15], ZnS [16], SrTiO3 [17, 18], C3N4 [19-22], and BiOI [23, 24], is generally determined by 

light absorption, in which electrons are excited from the valence band to the conduction band, 

leaving a hole (  ) in the valence band, and immediately exciting photoredox reactions.  

Zinc oxide semiconductor is an important photocatalyst. Thereby it has been widely examined 

because of its excellent properties over the other photocatalysts such as TiO2, including low price, 

high redox potential, nontoxicity, and environmentally friendly features [25-29]. Plus, ZnO yields a 

wide band gap (3.37 eV) and a high excitation energy (60 meV) [30]. Thus, it can absorb a larger 

fraction of the ultraviolet (UV) spectrum and exhibit a greater photocatalytic performance than 

TiO2 in the photodegradation of organic contaminants [31-35]. It is a promising antibacterial agent 

because of its good thermal stability, high antimicrobial activity, and excellent biocompatibility [36-

39]. ZnO NPs are also non-toxic and biocompatible with human cells [40-42]. However, this big 

band gap allows the ZnO photocatalyst to absorb only UV light, which constitute only 4% of the 

solar spectrum, but not the visible light, which constitute 43% of the solar spectrum [43]. In 

addition, the fast recombination of the photogenerated electron-hole pairs diminishes the 

performance of ZnO photocatalysts. Thereby, modifications in ZnO have been made in order to 

extend its visible-light response and reduce the rate of recombination of electron-hole pairs [44, 45] 

using different methods, such as metals/non-metals doping [46-49], noble metals deposition [50-

53], constructing heterojunctions [54-58], and coupling carbon materials [59-64]. Noble metals such 

as Pt, Au and Ag are usually used with ZnO to form hybrid nanostructure, which leads to improved 

photocurrent and ultraviolet photoresponse. Quantum dots have widely used to decorate ZnO for 

enhancing the photocatalytic activity. The decorating of QDs on ZnO nanostructures can generate a 

new interface and enhance charge separation; thereby efficient transfer from QDs to the conduction 

band of ZnO takes place, which can improve the photoresponse under ultraviolet light irradiation. 

However, considering the high price, limited mineral sources of noble metals, and toxicity of QDs, 

searching for a low-cost and eco-friendly new materials to replace these nanomaterials and thus to 

improve the performance of ZnO nanomaterials is urgent and important. Recently, graphene 

quantum dots GQDs, single- or few layer graphene with a tiny size of only several nanometers, are 

attracting more and more attention because they are nontoxic, biocompatible, cheaper and they 

exhibit other advantages such as their higher penetrability into pores and small spaces because of 

their remarkably smaller size, their high semiconducting properties and their many more active 

edged. Thus, this project aim to show the preparation of N-doped GQDs-U/ZnO NRs, and to report 

the effect of doping the ZnO NRs, synthesized via hydrothermal method, by these GQDs on the 

absorbance and photoluminescence spectrum of these NRs and on the photodegradation rate of MB. 
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In addition, this project reports the preparation of Sn   /ZnO NRs composite, mainly used to 

protect the NRs from the photocorrosion, and the influence of the Tin oxide on the activity of ZnO 

NRs as photocatalyst.  
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Chapter 1: Plastic pollution 

 

Nowadays, wide applications of plastics result in plastic waste being present in the water 

environment in a wide variety of sizes. Since the development of the first plastic “Bakelite” in 1907, 

a number of cheap production techniques have been developed to mass produce the modern day 

plastics. Plastics started to enter the ocean in increasing quantities from the 1950s from a wide 

variety of land and sea based sources; river, run-off, beach-goers and tourists, ship.  Plastic wastes 

are in water mainly as microplastics (the size range of 1 nm to < 5 mm). Microplastics have been 

recognized as an emerging threat, as well as ecotoxicological and ecological risk for water 

ecosystems. The most visible and disturbing impact of microplastics are their ingestion and 

consequent suffocation of hundreds of marine species. Microplastics can contribute considerably to 

the transport of non-indigenous marine species to a new area thereby threatening the marine 

biodiversity and the food web. Therefore, assessment of the status, effect and mitigations are 

needed.  

1.1. Sources of microplastics 

 

Synthetic polymers, commonly known as plastics, are the most common pollutants threatening the 

water system since it plays an important role in the men everyday lives, it is essential for the 

economy and can be found in a large variety of consumer products in which are designed to be 

discarded within three years of their production [65, 66]. Conventional materials such as metal, 

glass, and paper have being replaced by plastic packaging due to their low cost, excellent 

oxygen/moisture barrier properties, bio-inertness and their light weight.  The annual global demand 

for plastics has therefore consistently increased and presently stands at about 245 million tons [67, 

68]. Nearly a third of the plastic resins production is therefore converted into plastic packaging 

materials that include disposable single use items. There are a wide range of plastics classes being 

used in packaging, such as: Polyethyelene (PE), Polystyrene (PS), Polypropylene (PP), 

Polyethylene terephthalate (PET), polyurethane (PU) and Polyvinyl chloride (PVC) [71]. A wide 

variety of chemical additives are incorporated into plastic polymers to add particular properties, for 

example bisphenol A and phthalates [72, 73].  Some additives are designed to stabilize the polymer 

and make it more resistant towards degradation. The additives are not covalently bonded to the 

polymer, so they can leach out of the plastics as they degrade and enter into the marine environment 

[74].  

More recently, the discovery of microplastics has raised among scientists, the microplastics are 

defined as plastic pieces with less than 5 mm in diameter so they are not readily visible to the naked 

eye so they can't be removed easily from the environment (see figure 1c). There are two 

classifications of microplastics: primary and secondary microplastics. Primary microplastics are 

manufactured and are direct result of human material and product use such as cosmetics and 

personal care products. Secondary microplastics enter the environment through fragmentation and 

degradation of larger plastic items from exposure to the sunlight, freezing, wind, wave action, and 

abrasion. Another important source of secondary pollution by microplastics occurs from the 

breakdown of synthetic fibers and discharge into the environment through waste water from 

washing machines [69, 70]. 
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(a) 

 
(b) 

 
 (c) 

 
Figure 1 : (a) Causes of water pollution (b) ratio of plastics to fish in the ocean (c) sources of microplastics [253]. 
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1.2. Effect of plastics and microplastics  

Water pollution has many negative effects on humans and also on the environment [75-78]. The 

existence of pollutants in water can cause serious damage to the fish lives since they can raise the 

temperature of the water to a level that may force the fishes out in search of cooler waters, and this 

in turn can create an ecological dead zone. In regard to plant life, pollution can increase the rate of 

algal blooms, which in turn causes the fish and other gill-bearing animals to suffocate as the oxygen 

in the water gets is depleted. In addition, ingestion of plastics by birds and turtles is a major 

problem and it is extensively documented worldwide, where at least 44% of marine bird species are 

known to ingest plastics [80]. In addition, and due to the small size and persistence of microplastics, 

they have been found throughout our environment. They have been found in all forms of our life; in 

table salt, sugar, honey, and beer; in organic fertilizers; in the dust in our homes; and also in bottled 

and tap water samples [79]. They have been found in the tissues of fish and shellfish species that are 

sold in stores and markets. Besides to the sicknesses and diseases that affect the fish, marine birds 

and the other oceanic animals and even the humans, a major danger and a serious problem are 

looming and threatening all living organisms known as "congenital malformations".  

 
 

 
 

 
 

 

 

 

 
 

Figure  2 : Effects of water pollution on animals and human being lives [254]. 
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1.3. Minimizing water pollution  

The last decades have shown a reevaluation of the environmental pollution issue, both at regional 

and at international level. Reducing the amount of pollutants in water remains the main goal of the 

most of nations in order to reduce the diseases caused by water pollution. Stop throwing the plastic 

garbage away, buy environment-safe cleaning products, reduce the amount of insecticides and 

pesticides used in agriculture and reduce the waste of water are the main ideas that came to the 

mind to minimize the water pollution. However, since wastewater from industries and sewage are 

the main sources that affect and can significantly increase the rate of water pollution, and since the 

microplastics are not readily visible to the naked eye, the development of effective and affordable 

technologies to treat these pollutants is therefore the effective way to reduce the rate of pollution. 

In the past, several physical techniques like coagulation, flocculation, sand filtration, adsorption on 

the activated carbon, and chemical methods like photosensitized oxidation, adsorption [81-84], 

have been used to reduce the toxic effluents from waste water [85-88]. However, the main 

drawback of these techniques is formation of secondary waste product which cannot be treated 

again and dumped as such [89, 90]. Therefore, attention has been focused on the oxidation of 

organic compounds to harmless products such as     and     using the advanced oxidation 

process (AOP) which is developed in the 1970s, and is suitable for the oxidation of a wide range 

of organic compounds.  AOPs can be classified into two groups; the non-photochemical AOPs that 

include ozonation, wet air oxidation, etc., and the photochemical AOPs that include homogeneous 

processes (UV/ozone/hydrogen peroxide, UV/hydrogen peroxide, etc.,) and heterogeneous 

processes (photocatalysis process, which is the very advanced oxidation processes (AOP) and it is 

used for the photodegradation of toxic compounds and for the purification of water). 

AOPs have gained popularity during the past two decades for the treatment of industrial effluents 

because of their many advantages [91, 92] over the traditional methods such as: 

 They have high degradation efficiency. 

 They have potency against a wide array of pollutants to reduce the toxicity and completely 

mineralize organic contaminants. 

 The production of hazardous by products into water bodies is negligible. 

 They do not produce sludge as in the case of physical, chemical, or biological processes. 

 They have nonselective pathway which allows the treatment of different organic pollutants. 

 They are cost effective. 
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Chapter 2: Photocatalysis 

 

“Photocatalysis” is a Greek word, which is a combination of two words: photo that came from 

“phos” which means light, and catalysis that came from “katalyo” which means break apart or 

decompose. Photocatalysis is an accelerated photochemical process by the presence of a catalyst 

and it is based on the activation of a photocatalyst by the action of irradiation with an appropriate 

wavelength.  It is known as the very advanced oxidation process, and basically, it is divided into 

two categories: homogenous photocatalysis (when the reactants exist in the same phase) and 

heterogeneous photocatalysis (when the reactants exist in different phases). It is a good replacement 

for the energy-intensive conventional treatment methods because of using renewable and pollution-

free solar energy, this process produces harmless products, unlike conventional treatment measures 

which transfer pollutants from one phase to another, it can be used in the destruction of a wide 

variety of hazardous compounds in different wastewater streams, in addition, the reaction 

conditions for photocatalysis are mild, a lesser chemical input is required and the reaction time is 

modest. 

 

 

 

2.1. Metals, Semiconductors and insulators 
 

When two atoms are brought together to form a molecule, their atomic orbitals are shared to yield 

bonding and antibonding molecular orbitals. Valence electrons occupy the new orbitals in a way 

that only bonding orbitals are filled. If the number of atoms constituting the molecule increases, the 

number of molecular orbitals will grow progressively. If the amount of atoms implied in bonding 

approaches the Avogadro's number, as it occurs in conventional solids, the energy levels of the 

electrons contributing to bonding will develop a virtual continuum of energy levels known as 

valence band (VB). In the same way, the more energetic antibonding orbitals will merge to form a 

continuous band of unoccupied states called conduction band (CB).  So, there are two possibilities, 

either the occupied or the unoccupied states will merge together in more electronic levels than 

banding bonding electrons, or a void band with no available energy states will develop between the 

occupied and unoccupied levels. The first situation corresponds to metallic bonding, which is 

relatively weak and not directional interactions between atoms of the same kinds, and the other type 

corresponds to either semiconductor or insulating solids, depending on the magnitude of the 

forbidden band. So for the insulating solids, the energy gap between the highest filled levels and the 

lowest empty levels is so large that the empty levels are inaccessible: thermal energy cannot excite 

an electron from a filled level to an empty one. And for the semiconductors, the difference in 

energy between the highest occupied level and the lowest empty level is intermediate between those 

of metals and insulators (see figure 3).  
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Figure 3: Schematic diagram showing a comparison of the energy band gap for insulators, semiconductors, and metals [255]. 

 

 

2.2. Semiconducting materials 
 

Semiconductors are classified into binary, ternary and quaternary categories. Binary semiconductors 

include ZnO, Ti  ,      , Sn  , Zr  , CdS, ZnS etc.,. Ternary semiconductors include SrZr  , 

PbCr  ,    Sn  and so on [93- 95], and quaternary oxides and sulfides include Fe          , 

   AlV   ,    ZnSn   and       [96- 98]. 
 

 

2.3. Application 
 

The photocatalysts are used in the water and air purification, self-cleaning, self-sterilization, 

antifogging, antimicrobial activity, and so on. They also can be used for damaging microorganisms, 

such as bacteria and viruses, and even in activating some cancer cells, as well as for the 

photosplitting of water to produce hydrogen gas which is the fuel of the future. 

 

2.3.1. Removing trace metals 
 

Some elements such as plomb, chrome, mercury and other metals are extremenly hazardous to 

human health. These toxic metals can be successfully removed, even at lower concentration, by 

heterogeneous photocatalysis to maintain the water quality and therfore the human health. 

 

 

2.3.2. Antibacterial and cancer treatment 

 
 Different microbial toxis such as lipopolysaccharide endotoxin, brevetoxins, microcystins, etc., are 

inactivated by titanium dioxyde photocatalyst. A photocatalyst such as Ti   can kill a wide range of 

microorganisms including fungi, algae, viruses, and even cancer cells. Ti   photocatalyst does not 

inhibit the reproduction of bacteria only, but also it simultaneously decomposes the bacterial cells 

under milled conditions [99].  
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2.3.3. Self-sterilization 
 

The photocatalyst is chemically activated by light energy, and decomposes the pollutants and 

different types of typical pathogenic organisms such as bacteria, viruses, fungi, and so on, from 

water, air and surfaces under sunlight irradiation. Due to their physical and chemical stability and 

their safety as materails, these photocatalyst and espacially the titanium dioxide has been used  as 

an additive for food and cosmetics [100, 101]. 

 

 

2.3.4. Water splitting 
 

Overall water splitting to produce     and   over a semiconductor photocatalyst using solar 

energy is a promising process for the large-scale production of clean, recyclable    (see 

figure 4). Numerous attempts have been made to develop photocatalysts that function under 

visible-light irradiation to efficiently utilize solar energy. A number of oxides and sulfides 

have been used as photocatalysts for water-splitting reactions.      and many coupled 

semiconductors such as Ca     /     offer a promising way to produce hydrogen from 

water [102-104]. 
 

 

  
Figure 4: photocatalytic water splitting [256]. 

 

2.3.5. Water treatment 
 

Many semiconductors from metal oxides and sulfides  have been used as photocatalysts in waste 

water treatment. Titanium dioxide and zinc oxide photocatalysts are the most commonly used in 

waste water purification [105, 106, 107]. 
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2.3.5.1. Photocatalytic materials 

For the development of a photocatalyst, there are few basic materials requirements. Most of the 

semiconductors have been used in the past to design and obtain efficient photocatalysts. There are 

many important things to do so. The first and most important is the band gap absorption by the 

semiconductor material, because it is known that the visible light exhibits only around 42% of the 

total solar spectrum. This visible spectrum has an energy range between 2.43 eV to 3.2 eV [108].  

Thus, a design of a semiconductor that has band-gap energy in the visible region of the solar 

spectrum is a need. Figure 5 shows the band gap energy values for some semiconductors used in the 

photocatalytic process. The semiconductors that have an UV band gap are less suitable for the 

photodegradation mechanism of pollutants compared with that of visible band gap semiconductors. 

The second important parameter is the position of the valance band VB and conduction band CB. 

The valence band should be lower than the oxygen oxidation potential and the conduction band 

should be higher than the hydrogen reduction potential [109]. Most of chemical pollutants are 

dissolved in water and water splitting will take place at 1.23 eV. Thus, to produce a big number of 

photoelectrons, the band gap position of semiconductors should be higher than the energy required 

for water splitting. In other word, the band edge of CB should be higher than the reduction potential 

of hydrogen, and the VB position should be lower than the oxidation potential of water (see figure 

5). 

 

The other material requirements with respect to semiconducting and electrochemical properties are:  

 The capacity of separating photo-excited electrons from reactive holes, 

 Minimizing of energy losses related to charge transport and recombination of photo-

excited charges, 

 Chemical stability against corrosion and photocorrosion in aqueous medium, 

 Kinetically suitable electron transfer properties from photocatalyst surface to water, 

 Being easy to synthesize and cheap to produce. 
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Figure 5: Band positions of some semiconducting materials [257]. 

 

2.3.5.2. Mechanism 

 

    The first studies of the concept of the heterogeneous photocatalysis are those reported by 

Doerfler and Hauffe, published in 1964 when they were carried out the oxidation of CO using 

zinc oxide as catalyst under illumination. 

 

The photocatalytic oxidation steps of organic pollutants by a photocatalyst can be explained as 

shown in Fig. 6 [110]: 

1. Organic pollutants diffuse from the liquid phase to the surface of the photocatalyst. 

2. Adsorption of the organic pollutants on the surface of the photocatalyst. 

3. Oxidation and reduction reactions in the adsorbed phase. 

4. Desorption of the products. 

5. Removal of the products. 

 

When the photocatalyst is photo-induced by solar light with photonic energy (hν) equal to or greater 

than the excitation energy, it will produce pairs of electrons      and holes     . The electron of 

the valence band (VB) becomes excited when illuminated by solar light to the conduction band 

(CB) of the catalyst therefore creating the negative-electron    ) and positive-hole      as shown 

in (Eq. (1)). This stage is referred as the semiconductor's photo-excitation state, and the energy 

difference between (VB) and (CB) is known as the Band Gap (see figure 5). 

The electron-hole pairs can migrate to the surface of the photocatalyst and then be involved in redox 

reactions as shown in (Eqs. (2) – (4)), wherein the h+ reacts with water and hydroxide ions to 

produce hydroxyl radicals while    reacts with oxygen to produce superoxide radical anions   
   

then hydrogen peroxide (Eq. (5)). Hydrogen peroxide will then react with superoxide radicals to 

form hydroxyl radicals     (Eqs. (7) – (9)). Then, the hydroxyl radicals will attack the pollutants 

adsorbed on the surface of the photocatalyst to produce intermediate compounds, these 

intermediates will be then converted to green compounds such as C  ,   O and mineral acids as 

shown in (Eq. (11)). Noting that the hydroxyl radical is the most reactive agent and is one of the 

most potent oxidizing agents next to fluorine it can remove electrons from any molecule present in 
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its path, turning that molecule into a free radical [111, 112]. It should be noted that some of the 

electron-hole pairs will undergo recombination, which reduces the quantum yield. This 

recombination rate is affected by many factors related to photocatalyst structures and surface 

modifications [113, 114].  
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Figure 6: Mechanism of the photocatalytic reaction [258]. 
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Mechanism of the photodegradation of phenol: 

The first step mechanism for the direct photolysis of phenol is shown in equation 1:  

 

 

(1) 

 In the presence of oxygen, the reaction of phenoxyl radicals with O2 will most probably result in 

the formation of benzoquinone (equation 2), but the reaction rate is very small. 

 

 

(2) 

The reaction of phenol with OH radicals leads to the formation of dihydroxyl cyclohexadienyl 

radicals (equation 3). In the presence of oxygen, subsequent reaction of the dihydroxyl 

cyclohexadienyl radicals leads to the formation of peroxyl radicals by the addition of molecular 

oxygen (equation 4). Peroxyl radicals are known to form hydroquinone and catechol after 

eliminating superoxide radicals and rearranging the aromatic system (equation 5). These 

compounds further degrade into biodegradable products such as carboxylic acids (equation 6). 

                                                                                                                                      (3) 

                                                                                                                                 (4) 

                                                                                                                    (5) 

                                                                                                                        (6) 
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Chapter 3: Synthesis of zinc oxie nanorods 

Several semiconductor oxide materials such as zinc oxide (ZnO), titanium dioxide (Ti    , 

strontium titanate (       , tin oxide (Sn    and tungsten oxide (W    etc. are known as good 

photocatalysts [115-118]. 

Among these semiconductors the use of zinc oxide (ZnO) as a semiconductor photocatalyst is 

preferred because it has various favorable properties, including good transparency, high electron 

mobility, and a comparable band gap (3.37 eV) [119, 120] with relatively large quantum efficiency 

in comparison to the other oxide photocatalysts. Also, it has great potential applications due to its 

high chemical stability, good photoelectric and piezoelectric behaviors. Furthermore the production 

cost of ZnO nanoparticles is up to 75% lower than that of Ti   and       [121]. 

 

 

3.1. Classification of ZnO and choice of structure 
 

Nanostructures of zinc oxide photocatalyst can be divided into zero-dimensional (0D), one-

dimensional (1D), two-dimensional (2D) and three dimensional (3D), which can be subdivided into 

quantum dots arrays, elongated arrays, planar arrays and ordered structures respectively (see figure 

7).  

The 1D ZnO arrays include: nanorods, nanofibres, nanowires, nanotubes and nanoneedles. 

Nanosheets and nanoflowers are examples of ZnO nanostructures in 2D and 3D arrays respectively. 

The photocatalytic degradation activity of a photocatalyst is affected by its specific surface area, 

therefore enabling more contaminants to be adsorbed onto its active surface and thus lead to more 

pollutants being attacked by hydroxyl radicals [122].  In comparison with the other ZnO 

nanostructures, 1D ZnO have unique characteristics of increased surface area, advanced geometric 

structures, specific morphology and atomic arrangements, dense network, and favorable electron 

transportation. These advantages are linked to the functional properties of ZnO [123]. ZnO NRs 

have been proved to possess great photocatalytic activity. NRs could act better than their particle 

form. Sunandan et al [124] have compared ZnO nanorods exposed surface area to the organic 

contaminants. As shown in figure 8, the nanoparticulate thin film showed minimum activity 

(degradation efficiency of 64% after 180 min; k = 0.005993 mi   ). Sample 2 with the maximum 

surface area (47.54 c  ) gave the highest activity (degradation efficiency of 90%; k = 0.012792 

mi   ) and sample 1 with the minimum surface area among the nanorod samples (34.27 cm2) had 

the lowest activity (degradation efficiency of 78%; k = 0.008412 mi   ). Thus, was the choice of 

ZnO NRs to be the best candidate in the photocatalytic experiments. Table 1 shows the advantages 

and disadvantages of different zinc oxide nanostructures in photocatalytic applications [125]. 
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Figure 7: FESEM and SEM images for (a) 0D, (b) 1D, (c) 2D, (d) 3D zinc oxides [259]. 

 
 
 

 
Figure 8: Photocatalytic degradation of methylene blue using ZnO nanoparticles and nanorods on glass substrates 

upon excitation with light from a tungsten halogen lamp (~72 klux) [260]. 
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 Advantages Disadvantages 

Nanoparticles Can be easily suspended in a 

solution. 

Outstanding performance owing to 

their large surface areas. 

Easily form agglomerates in solution, 

which contributes to reduced 

effective surface area. 

Post-treatment for catalyst removal is 

required. 

Complete recovery of catalyst is 

difficult. 

Nanowires Growth could be easily carried out 

on most substrates. 

Consists of large effective surface 

area compared to nano-thin films.  

Post-treatment to remove catalyst is 

not required. 

Lower crystallinity and more 

defects. 

Growth conditions are highly 

restricted. 

Lower surface area compared to 

nanoparticles. 

Nano-thin film Can be coated on certain substrates.  

Post-treatment to remove catalyst is 

not required. 

 

Performance is restricted by small 

surface area. 

Table 1: Advantages and disadvantages of different ZnO nanostructures used in the photocatalytic applications [259]. 

 

 

3.2.  Synthesis techniques of Zinc oxide nanomaterials 
  

There are various techniques for the synthesis of zinc oxide nanostructures. These synthesis 

methods can be divided into solution-based and vapor phase approaches. Among ZnO nanomaterial 

synthesis approaches, the solution-based method is the simplest and least energy consuming. 

Through this synthesis technique, the morphology of the nanostructures can be easily controlled by 

manipulating the experimental factors such as type of solvents, starting materials and reaction 

conditions [126]. This approach also offers better control of the sizes of nanostructures. The 

solution-based approach to synthesize ZnO nanostructures include: hydrothermal, sol-gel, 

precipitation, micro-emulsion, solvothermal, electrochemical deposition process, microwave, wet 

chemical method, flux methods and electrospinning [127- 137]. Among these methods, the 

hydrothermal technique is very attractive to prepare nanoparticles with the desirable photocatalytic 

properties due to its simplicity, cost effectiveness, environmental friendliness, and also it provides 

better control over morphology of the photocatalyst nanostructures and orientation of the nanorod 

array films [138, 139].   

On the other hand, vapor phase techniques have also been used to produce nanostructured materials; 

these approaches include: thermal evaporation [140], pulsed laser deposition [141], chemical vapor 

deposition [142], physical vapor deposition [143], metal-organic chemical vapor deposition 

(MOCVD) [144], plasma enhanced chemical vapor deposition (PECVD) [145] and molecular beam 

epitaxy (MBE) [146]. These approaches uses gaseous environment and normally the synthesis of 

nanostructured materials is carried out at high temperatures (ranging from 500  to 1500  . Thus, 

due to the high synthesis temperature, it is most economical and practical to focus on the solution-

based techniques. 
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3.2.1. Nanorods growing procedure 
 

a) Role of seeding 
 

Seeding can be carried out by processes such as dip coating, spin coating [147], slip casting, aerosol 

spraying, chemical vapor deposition, physical vapor deposition, spray pyrolysis, reactive sputtering, 

electrochemical deposition, plasma spraying, etc. These coating techniques would result in 

photocatalyst thin-films of various thicknesses and morphologies. Nevertheless, seeding through 

spray pyrolysis method was found as the simplest, economical and effective in terms of rod‟s 

attachment to the substrates. Seeding of the substrates in all the experiments was done with the use 

of zinc acetate dehydrate Zn (C  COO   as precursor, in which it was dissolved in Deionized 

water, and then sprayed on the preheated glass substrates. The zinc acetate is known to decompose 

at a temperature of 237 °C [148] through the formation of basic zinc acetate arising from the loss of 

acetic anhydride. Acetic anhydride further hydrolyses to form acetic acid as in Eq. 1. 

4 Zn (C  COO   +    O     O(C  COO   + 2 C  COOH                                           (1)                                                                                                       

     When the temperature of the reactant solution is increased to about 300 °C, decarboxylation 

occurs and basic zinc acetate decomposes to its oxide leading to the formation of ZnO 

nanocrystallites, as shown in Eq. 2 [149]. 

   O (CH3COO    4ZnO + 3C  COC   + 3C                                                               (2) 

     Thereby, a post annealing temperature of 350 °C was chose in all experiments, noting that the 

higher the preheating temperature is the higher the formation of crystallized clusters, but there is a 

limit above it the substrate will crack. 

   b) Role of precursors 

     Therefore, to grow the rest of the nanorods, hexamethylenetetramine (HMT) which is a highly 

water soluble, non-ionic tetradentate cyclic tertiary amine and Zinc nitrate hexahydrate (Zn (N    · 

6   O) were used.  Thermal degradation of HMT releases hydroxyl ions which react with Z    

(from Zn (N    · 6   O) ions to form ZnO. This can be summarized in the following equations: 

(C        + 6   O ↔ 6HCHO + 4N   

 N   +    O ↔ N  ⁺ + OH¯ 

2OH¯ + Z   → ZnO(s) +    O 
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3.2.2. Effect of growing parameters on the photocatalytic activity 
 

a) Precursor concentration 

 

The concentration of the precursor solution affects the growth rate of ZnO nanorods. Depending 

upon the availability of Z   ions, the growth initially occurs uniformly both laterally as well as 

longitudinally [150]. Because of the polarization vector which is directed along the c-axis of ZnO 

nanomaterial, longitudinal growth is thereby much faster than the lateral growth. At this stage, the 

majority of the growth units have easy access to the polar (0001) plane of the growing crystal; 

consequently, the crystal grows only along the c-axis. This linear growth causes the aspect ratio of 

nanorods to increase faster. On the other hand, precursor concentration has also a strong influence 

upon the density of ZnO NRs [151]. This is because in a concentrated precursor, a large number of 

growth units can manage to adsorb onto the ZnO seeds through heterogeneous nucleation.  

 
b) Hexamine to zinc nitrate relative concentrations 

 

The role of hexamine in the hydrothermal synthesis is to provide O   anions for the formation of 

Zn (OH   which forms the building blocks for the ZnO nanorod growth. The 1:1 molar ratio of zinc 

nitrate and hexamine in the precursor solution has been reported to produce good quality nanorods 

[152]. Thus, equimolar concentration of hexamine and zinc nitrate hexahydrate had been used in the 

precursors in all the experiments. 
 

 

c) Effect of PH  

 

In the photocatalytic reactions, the PH of the solution is a vital factor, because it makes a clear 

explanation on the surface charge properties of the photocatalyst. A change in PH affects the 

efficiency of the degradation of the photocatalyst.  

As can be seen in Figure 9, increasing pH value of the dye suspension caused exponential increase 

in the photocatalytic degradation of MB suspension. The reason could be the high concentration of 

free O  anions that are converted into hydroxyl radicals (   ) which is a dominant oxidizing agent 

in photocatalysis [153], through oxidation reactions initiated by the photogenerated holes (h+). 

 

d) Calcination  temperature 
 

The study of the effect of the reaction temperature is important. The figure 10 shows the variation in 

the visible emission peal from ZnO NRs annealed at 150°C, 250°C, 350°C and 450°C respectively. 

For annealing temperatures up to 250°C, the intensity of the green emission was found to increase. 

This trend has been primarily attributed to the migration of oxygen vacancy states from the bulk 

towards the surface of the NRs [154], resulting in a relative increase in the surface defect states 

concentration, which is maximum for the 250°C annealed ZnO NRs. Annealing the NRs further can 

passivate the surface defects and thus leads to a reduction of the green emission [155]. 

Figure 11 shows the photocatalytic degradation profile of MB under visible light irradiation with 

ZnO NRs annealed at different temperatures. The rate constants of MB photocatalytic degradation 

with differently annealed ZnO NRs are shown in Fig. 11 b. An increase in the MB degradation rate 

constants was observed with increasing annealing temperatures up to 250°C, the degradation was 

found to be lower upon annealing at temperatures higher than 250°C. This clearly suggests a direct 

relationship between visible light photocatalytic activity and surface defects on zinc oxide NRs. 
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Typically defect states improve the optical absorption by allowing sub-band gap transitions and 

thereby generating active e–h pairs under visible light irradiation [156, 157-160], which can be 

transferred to the surface adsorbed MB molecules, thereby, increasing the electron transfer rate with 

increasing surface defects [161]. However, the ZnO NRs annealed at temperatures higher than 

250°C showed reduction in their photocatalytic degradation rate and this is due to the reduction in 

the surface defects that in turn limits the electron transfer process from ZnO surface defects to MB 

molecules.  

 

 

 

 
Figure 9: Normalized concentration against irradiation time when 5 μM aqueous [261]. 

 

 
Figure 10: variation in the visible emission peak from the ZnO NRs annealed at different temperatures [262]. 
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Figure 11: Photocatalytic degradation profile of 10  mM methylene blue (MB) in aqueous solution under visible light 

irradiation with ZnO NRs photocatalysts annealed at different temperatures (90, 150, 250, 350 and 450 ◦C for 1 h). (a) 

Degradation kinetics of MB; (b) degradation rate constants of MB [262]. 

 

 

e) Effect of amount of catalyst 
 

The amount of the catalyst in the photocatalyst also influences the efficiency of photocatalytic 

degradation. If there is an increase in the quantity of catalyst, the number of active sites on the 

semi-conductor surface increases moreover, which in turn produce a greater number of     and 

  
   radicals. As a result, the photocatalytic degradation rate is increased. The degradation rate is 

directly proportional to the catalyst's concentration in any reactor system. However, if the 

catalyst loading is improved beyond an optimum concentration, the degradation rate is then 

unfavorable because there will be a decrease in the light penetration depth into the solution and 

consequently diminishing of light scattering occurs. 
 

f) Effect of light intensity 
 

The efficiency of the photocatalytic reaction mostly depends on the light intensity. The quanta 

of light absorbed by any photocatalyst are given by the quantum yield which is the ration of the 

rate of reaction to the rate of absorption of radiation. The responses of the photocatalytic 

reaction varied under different wavelengths of light source. The degradation reaction rate of the 

photocatalyst varies for different intensities of light; the reaction rate increases with increasing 

light intensity. The reaction rate decreases at high-intensity light radiation because the excessive 

light intensity promotes more electron-hole recombination.  

 
g) Effect of irradiation time 

  

        The photodegradation of the pollutants varies with the time of irradiation. The photocatalytic 

activity of the photocatalysts nanoparticles and photodegradation of the pollutant increases with 

respect to the light irradiation time. This can be related to the amount of photogenerated 

electron–hole pairs which are produced due to the sensitization of photocatalyst nanoparticles. 
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h) Concentration and nature of pollutants in wastewater 
 

Another main factor that affects the degradation rate is the pollutant type and their 

concentration.  A number of studies have reported the dependency of the concentration of 

pollutants in water on the photocatalyst reaction rate. High concentration of contaminants in 

water saturates the surface of the photocatalyst therefore reduces its photonic efficiency and 

deactivates the photocatalyst. In addition to the concentration of pollutants, the chemical 

structure of the target contaminant also influences the degradation performance of the 

photocatalytic reactor. For example, 4-chlorophenol requires prolonged irradiation time due to 

its transformation to intermediates compared with oxalic acid that transforms directly to carbon 

dioxide and water. 

In other words, the photocatalytic degradation of aromatics is highly dependent on the 

substituent group. The organic substrates with electron withdrawing nature (benzoic acid, 

nitrobenzene) strongly adhere to the photocatalyst and therefore are more susceptible to direct 

oxidation compared with the electron donating groups. 
 

 

3.3. ZnO properties affecting the photocatalytic process 

 

The photocatalytic activity of the metal oxides nanomaterials depends on various factors such as 

composition, particle size, crystallinity, surface defects, etc.  
 

a) Defects in ZnO 

 

The defects in the semiconductor photocatalyst can be vacancies, interstitials or substitution 

type defects. These defects create intermediate electron and hole traps between the valence band 

(VB) and conduction band (CB) leading to a reduction of energy required for exciton pair 

generation, rendering the materials more visible light active [162,163] and reducing the 

recombination of the photogenerated electron-hole pairs. Moreover, the photogenerated holes 

trapped by surface defects are ready to react with electron donors leading to the formation of 

O2−, OH• and other oxygenated radical species which are very effective in degrading 

contaminants in water [164, 165], thus, increasing the photocatalytical activity of the 

semiconductor photocatalysts (see figure 12).  

In ZnO photocatalysts, oxygen vacancies and zinc interstitials are two predominant intrinsic 

defects which are reported to be favorable for photocatalysis [166–168]. The formation of these 

defects is generally governed by the synthesis environment, where a zinc rich environment 

typically leads to oxygen vacancies and zinc interstitials and an oxygen rich environment leads 

to zinc vacancies and oxygen interstitials [169-171].  

In fact, the roles of the defects on ZnO nanomaterials in absorption and surface reactivity have 

been extensively acknowledged [172–174]. Zheng et al. showed that the oxygen defects 

(oxygen vacancies and interstitial oxygen) that formed in a solvothermal process had an impact 

on the photocatalytic activity of ZnO [174]. Wang et al. developed enhanced the visible light 

photocatalytic activity of ZnO by narrowing the band gap with defects [172]. Li et al. reported 

that a good concentration ratio of bulk defects to surface defects in TiO2 nanocrystals can 

improve the separation of photogenerated electro-hole and therefore can enhance photocatalytic 

efficiency [175]. 
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Figure 12: Schematic representation for the mechanism of antibacterial activity of ZnO NRs [262]. 

 

b) Particle morphology 

 

In general, the difference in photocatalytic activity is related to size and surface area of the 

semiconductor photocatalyst. Recently, Jang et al. and McLaren et al. have reported the relationship 

between the exposed surfaces of ZnO crystals and their photocatalytic efficiency, and demonstrated 

that a greater proportion of exposed polar surfaces lead to a greater photocatalytic activity [176, 

177]. One-dimensional zinc oxide nanostructures such as nanorods and nanowires have been 

investigated extensively and it is proved that they have larger number of    and    exist on the 

active sites of the nanocrystal surface, resulting in higher activity compared with spherical 

nanoparticles. However, the photocatalytic activity of ZnO depends upon the orientation of the 

nanorods. The higher photocatalytic activity of nanorods grown with 2 mM precursor, in spite of 

their small surface area, is due to their random orientations (see Figures 13a and 13d) which 

exposes maximum surface of the photocatalyst to the incoming light. Contrary to this, NRs 

fabricated with 40 mM precursor are well aligned and oriented (see Figures 12c and 12f), exhibit 

lower photoccatalytic activity. This is explained by the fact that only tips are exposed to light rays, 

while a major portion of the side surface of the nanorods remains obscured. 
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Figure 13: SEM micrographs: (a); (b) and (c) top views; (d); (e) and (f) cross-sectional views of ZnO nanorod arrays grown 

hydrothermally for 15 h, using precursor concentrations of 2 mM, 10 mM and 40 mM, respectively [261]. 

 

 

 

3.4.  Improvement of ZnO as photocatalyst 
 

The main drawback of ZnO as a photocatalyst is that it absorbs only in the UV region because of its 

large bandwidth of 3.2 eV. The major problem is that only about 4 to 5% of solar spectrum falls in 

the UV range. Thereby, researchers developed several techniques to overcome this drawback, such 

as doping of metal/non-metal atoms, depositing noble metals, and coupling with other 

semiconductors or carbon materials [177-185]. 

 
3.4.1. Doping metals/non-metals 

 
The photocatalytic reactions are mainly governed by band gap energy and hydroxyl radicals. 

Thereby, doping has been adopted to modify the chemical and physical properties of the zinc oxide 

nanomaterials by incorporating impurities such as metals or non-metals, to shift the valence band 

energy of ZnO upward and narrowing its band gap energy to the visible region [186]. 

Doping metals such as alkali metals (such as Na- or K-doped ZnO) [187,188, 189,190], transition 

metals (such as Fe [191], Co [192], Ni [193], Mn [194], Cr [195], V [196], Cu [197], and Zr [198]) 

transition metals, and rare earth metals [199-203] or non-metals such as C, N, and S [204-209, 

210,211] NPs can enhance the photoelectric properties of ZnO photocatalyst to extend its spectral 

response to the visible light region because they can reduce the band gap of the semiconducting 

materials [212]. The doping metals/non-metals NPs tune the electronic structure of ZnO by adding 

localized electronic energy level in the band gap (see figure 14). The energy level of the doping 

atoms is located below the CB of ZnO, where the photogenerated charge carriers are trapped 

increasing, thereby, the photocatalytic activity of the semiconductor [213-215]. 
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Figure 14: Schematic of the comparison of the band structures of pure, metal-doped ZnO, and nonmetal-doped ZnO. 

  

3.4.2. Depositing of noble metals 

  

The deposition of noble metal NPs can not only modify the reactive sites of ZnO NPs, but also 

serve as a cocatalyst for the photodegradation of organic contaminants [216]. The study of metal-

semiconductor based plasmonic photocatalysts becomes very popular due to the potential of these 

systems to efficiently utilize the visible light part of the solar spectrum for the photocatalytic 

degradation of pollutants in water or air [217]. Metal doping of ZnO can improve the photocatalytic 

activity of the photocatalysts by increasing the trapping site of the photo-induced charge carriers 

and enhancing the light absorption by ZnO via surface plasmon resonance (SPR). Both effects can 

decrease the recombination rate of photoinduced electron-hole pairs, facilitate the redox reactions 

and thus enhance the photocatalytic performance of the photocatalyst [218, 219]. 

 In the recent years, many researchers have reported efficient visible light photocatalysis by using 

gold (Au) or silver (Ag) NPs deposited on traditional semiconductor photocatalysts like titanium 

dioxide and zinc oxide [220,221-224]. Incorporation of metal NPs, such as Au and Ag into the 

semiconductor photocatalysts allow the overall absorption band of the photocatalyst to extend 

towards the visible region of the solar spectrum, and thus makes the photocatalyst active under both 

ultraviolet and visible light irradiation, unlike the traditional semiconductors such as ZnO and Ti  , 

which absorb the light mostly in the UV region.  

Au NPs have been reported to show significant improvement in the visible light photocatalytic 

activity when incorporated over metal oxide surface [225, 226]. Apart from its good chemical and 

thermal stability, Au NPs typically form a Schottky type junction when deposited on the surface of 

traditional metal oxides resulting in efficient charge separation necessary for enhanced 

photocatalytic efficiency [220, 227]. On the other hand, although silver NPs have relatively lower 

chemical and thermal stability than gold NPs, the advantages are that Ag is cheaper than Au and it 

shows superior antimicrobial properties over Au [228-231], which makes it a good and applicable 

plasmonic material in the photocatalytic design.  

 

3.4.3. ZnO coupling with other semiconductors 

 

Coupling of two semiconductors is an approach that involves coupled semiconductor metal oxides 

[232]. Thereby, highly active photocatalysts can be obtained by coupling two semiconductors 

having different band gaps. Nanocomposites are preferable in photocatalysis applications because 

of their higher light absorption, better suppression of photo-induced electron-hole pair 
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recombination and increased charge separation. For ZnO photocatalyst coupled with other 

semiconductors, Ti  /ZnO, Sn  /ZnO, Sn  /ZnO/Ti   and C    /ZnO are the most investigated 

materials for photocatalytic processes [233-241]. The photogenerated charge separation 

enhancement mechanism of a ZnO/Ti       nanocomposite is showed in figure 15. The electron 

from ZnO NPs was transferred into CB of ZnO/Ti       whereas the photogenerated hole of 

ZnO/Ti       was transferred to ZnO. The occurrence of such phenomena has suppressed the 

recombination rate of electron-hole pairs by prolonging the life time of charge carriers. 

 

 

 

Figure 15: Photogenerated charge separation mechanism of ZnO coupled with TiO2xNy [259]. 

 

3.4.4. Coupling of nanocarbon component to ZnO 

 

Coupling of carbon tubes and graphene with ZnO NPs can enhance the photocatalytic activity of the 

semiconductor. This is due to the fact that the carbon materials can act as a photoelectric reservoir, 

which stores and shuttles the photogenerated electrons from ZnO to substrates, or perform as 

photosensitizer, which improves the light absorption of the photocatalyst [242-245]. The loading of 

graphene can reinforce the photocatalytic activity of ZnO in four steps: (1) speeding up the 

electron-hole separation and holding them apart, (2) improving the specific surface field because of 

the SPR, (3) enhancing the absorption of organic pollutants through     combination between the 

organic pollutants and graphene, and (4) enhancing the light utilization capacity [246]. 

The figure 16 illustrates the charge transfer pathway during the photocatalytic process over the 

GQD/ZnO NRs. The GQDs and ZnO NRs were excited by solar light, and the e-h pair was 

generated in their CB and VB, respectively. Because ZnO is in contact with GQD, the 

photogenerated electrons in the GQD CB can energetically be transferred to the ZnO CB, and the 

generated holes in the ZnO VB can energetically transferred to the GQD CB. This process helps in 

the retardation of recombination of e-h pairs. Thereby, the overall result is the longer separation of 

e-h pairs and thus, the ability of these e-h pairs to contribute in the photodegradation process.  
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Figure 16: Schematic transfer process of GQDs coated ZNRA.  

 

 

3.4.5. Crystal growth and shape control  

 

To improve the photocatalytic activity of ZnO NPs, various methods have been used to modify its 

morphology, size and growth. It has been noted that the photoactivity can be modified by varying 

the surface lattice plane and surface area of photocatalysts [247]. On the other hand, the 

morphology of ZnO NPs can be altered by manipulating the molar ratios of precursors [248], 

because the shape and size of ZnO particles are correlated to the concentration of O  ions. The 

figure 15 shows that low and high concentration of OH− result in ZnO growth. Also the speed of 

precursor (sodium hydroxide) being added to the zinc acetate solution could contribute to different 

growth mechanisms of ZnO nanostructures [249]. A slow addition rate of O   leads to a uniform 

direction growth of ZnO. Otherwise, if both precursor solutions are mixed at the same time, the 

reaction then will perform faster. In this case, growth along the [0001] direction is more favorable 

due to the excess of O  , leading, thereby, to nanosheet formation. If O    is added in a slow rate, 

the growth along the [0001] direction then will be restricted which leads to the formation of 

hexagonal prism. Among those different shapes of ZnO nanostructures, spherical ZnO 

nanostructures exhibits the highest degradation rate of organic contaminants due to their large 

oxygen vacancies. Effect of ZnO crystallite sizes towards the photocatalytic activity has been well-

linked to their band-gap energy [250], in which ZnO crystallite sizes of 4.8 and 31.4 nm are having 

band-gap energy of 3.29 and 3.18 eV, respectively (see figure 17).  
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Figure 17: Effect of O   concentration towards the mechanisms of ZnO formation [259]. 

 

3.4.6. Surface modification of ZnO 

Owing to the existence of Zn–O–Zn bonds in ZnO nanoparticles, agglomeration occurs and strongly 

limiting ZnO nanoparticle applications [251]. Surface modification may be the best approach to 

ensure better dispersion by preventing the agglomeration of ZnO NPs. In addition, surface 

modification has also been used to tune the ultraviolet and visible light photoluminescence, as the 

chemical and physical properties of ZnO nanoparticles can be modified via chemical surface 

modification through different techniques such as chemical treatment [252] and coating techniques. 

Chemical treatment is an approach that utilizes coupling agents (e.g. trimethoxyvinyl silane and 

oleic acid) to modify the surface of nanoparticles. 
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Chapter 4: Methodology 

 

4.1. Preparation of ZnO nanorods  
 

4.1.1. Materials 

 Analytical grade zinc acetate dehydrate (Zn (C   COO   . 2   O) from MERCK 

(99%purity), Germany; 

 Zinc nitrate hexahydrate (Zn (N    . 6  O) from APS Ajax Finechmen, Australia; 

 Hexamethylenetetramine ((C       ) from Aldrich, USA; 

 Standard microscope glass slides used as substrates.  

 

4.1.2. Procedure  

A hydrothermal growth of ZnO NRs was carried out. First, the substrates were pre-cleaned by 

successive ultra-sonication in soap water, acetone, isopropanol and deionized water (DI) for 15 

minutes each, and then dried for further uses (figure 18 a). Zinc oxide was prepared by dissolving 

10mM zinc acetate dehydrate in 25 ml of DI water. Seeding of the substrates in all the experiments 

was done through spray pyrolysis method in which the prepared solution of zinc acetate was 

sprayed at a rate of 1 mL/min (from a distance of about 20 cm) on the cleaned substrates pre-heated 

at 350  (figure 18 b). The hydrothermal growth of ZnO NRs was carried out by placing the seeded 

glass substrates in a chemical bath containing equimolar concentrations (20mM) of Zinc nitrate 

hexahydrate (Zn (N    . 6  O) and Hexamethylenetetramine ((C       ) (figure 18 c). Then they 

were placed in a commercial microwave oven (Panasonic, Low Model) for 5 hours, wherein the 

precursor solution was replenished every 60 minutes. And finally, they were annealed at 250  to 

remove any organic residue left on the ZnO NRs surface (figure 18 d). 

 

4.2. Preparation of Sn   ZnO NRs composite 
 

4.2.1. Materials 

 Urea CO(N     from MERCK, Germany. 

 Ammonium Hexafluorostannate (N    Sn  , from Aldrich, USA 

 

 

4.2.2. Procedure 

A solution of 0.01 mol/L of (N    Sn   in DI water was prepared by dissolving 0.53 g of 

Ammonium hexafluorostannate in 20 ml of water and stirring to form a clear solution. Another 

solution of 0.1 mol/L of Urea in Ethanol was also prepared by dissolving 4.8 g of Urea in 80 ml if 

ethanol. The two solutions were mixed together. Then, the ZnO nanorods coated substrates were 
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immersed in a bath containing the two mixed solutions already prepared as we described earlier and 

the bath was heated to 90 °C for 30 minutes. After the reaction took place the nanorods was washed 

with DI water and dried for further use. 

 

4.3. Synthesis of N-doped GQDs-U 

 
4.3.1. Materials 

 Citric Acid Monohydrate HOC(COOH)(C  COOH  .   O from J.T.Baker, Holland; 

 Urea CO(N     from MERCK, Germany. 

 

4.3.2. Procedure 

2.94 g of citric acid and 2.52 g of urea were dissolved into 70 mL water, and stirred to form a clear 

solution. Then the solution was transferred into 100 mL Teflon stainless autoclave. The sealed 

autoclave was heated to 140  in an electric oven and kept for additional 4 hours. The final product 

was collected by adding ethanol into the solution and centrifuged at 10 000 rpm for 10 min (see 

figure 19). The supernatant is then removed, and the residue is washed at least 2 times with water 

and centrifuged before dipping the ZnO NRs coated substrates with the final residue N-doped 

GQDs which is easily dispersed into water (see figure 19a). 

 

4.4. Deposition of N- doped graphene quantum dots-Urea on ZnO NRs surface 

and on Sn   ZnO NRs composite 
 

N-doped GQDs-U nanoparticles were deposited in-situ on the ZnO NRs surface and on the 

Sn   ZnO NRs composite surface using the dipping method. The ZnO NRs and Sn   ZnO NRs 

composite coated substrates were immersed in two aqueous solution of N-doped GQDs-U solution 

for 30 min, 1h, 2h and 3h respectively, with consecutive drying of these substrates for 10 min 

between these periods (see figure 19 b). 
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(c) 

 

 
(d) 

 
Figure 18: (a) Substrates cleaning process in VWR ultrasonic cleaner (b) Seeding the substrates using the spray pyrolysis method 

(c) Chemical bath of the seeded substrates (d) Annealing of the substrates in an atmospheric furnace at 350   
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(a) 

 
 
 
 

 
(b) 

Figure 19: (a) N-doped GQDs- U solution (b) ZnO NRs /N-doped GQDs-U substrate 

 

 

4.5.  Characterization 

Morphology of the ZnO NRs was characterized by scanning electron microscopy (SEM; Model: 

JEOL JSM-7600F, Japan) operated at 20 kV. The optical absorption and photoluminescence (PL) 

spectra of the ZnO NRs, N-GQDs-U and N-doped GQD-U/ZnO NRs were recorded in a UV/Vis 

spectrometer (Lamda 25 from perkin Elmer, Italy) and a fluorescence spectrometer (LS55 from 

Perkin, Elmer, Italy) respectively. 

4.6.Results and discussion 

Scanning electron micrograph (SEM) of the prepared ZnO NRs shows the characteristic hexagonal 

shape of the NRs with an average length of   1   and diameter of 200 nm (figure 20). 

Figure 21 shows the PL spectrum of ZnO NRs for an excitation wavelength    = 320 nm, the PL 

emission is asymmetric implies it has more than one origin. The emission band is characterized by 

near band emission (NBE-UV) and deep level emission (DLE). The NBE, represent the ultra-violet 

emission and DLE have a characteristic visible band of violet, blue, green, etc. the DLE bands are 

divided into intrinsic (native defects) and extrinsic defects. The defects are divided on the bases of 

their origin: 

 Intrinsic defects: origin by one species of atom such as    (vacancy of oxygen atom),     

(vacancy of zinc atom) and     (zinc interstitial) etc. 

 Extrinsic defects: combination of intrinsic sites such as       
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The wavelength corresponds to peak 1: 386.5 nm, peak 2: 403.3 nm, peak 3: 422.8 nm, 

peak 4: 442 nm, peak 5: 461 nm and peak 6: 485 nm. Each peak corresponds to specific 

emission which is labeled as mentioned: 

1. Peak 1 (UV peak): the UV peak is usually considered as the characteristic emission of ZnO 

and attributed to the excitonic recombination or near band edge transition. The peak 

observed at 386.5 nm is attributed to exciton emission i.e. photogenerated electron 

recombination with the holes in the valence band. 

2. Peak 2 (UV-Violet Peak): the peak observed at 403.3 nm is designed as UV-Violet emission 

arises due to electron transition from conduction band to the acceptor states (singly-ionized 

oxygen vacancy   
 ). 

3. Peak 3 (Violet-1): the peak located at 422.8 nm is attributed to electron transmission from 

donor defects (zinc interstitial     defects) to valence band. 

4. Peak 4 (Violet-2): the peak observed at 442 nm is attributed to electron transmission from 

interstitial    
  donor defects to valence band. 

5. Peak 5 (Violet-Blue Peak): the peak observed at 461 nm is attributed to electron 

transmission from doubly ionized zinc vacancy (    
  ) donor defects to valence band. 

6. Peak 6 (Green Peak): the peak observed at 485 nm is attributed to recombination of shallow 

trapped (ST) with the acceptor level that resides 0.8 eV above the valence band. Then 

further electron can relaxed by phonon transition to the ground level. 

 

 

Figure 20: SEM micrographs of ZnO nanorods 
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Figure 21: Deconvoluted PL spectra of ZnO NRs for an excitation wavelength    = 320 nm 

 

 

Formation of N-GQDs-U was studied by UV–vis absorption spectrophotometry and 

photoluminescence spectrometry based on their characteristic peaks and PL emission.  Figure 22 

shows the UV–vis spectrum of the GQDs suspension in the wavelength range of 200–800 nm. It 

displays a strong optical absorption peak in the UV region which extends into the visible range. 

There are two clear absorption bands at 252 nm and 340 nm.   The peak seen at 252 nm that 

corresponds to the π        π∗ transition of C=C, and the peak seen at 595 nm corresponds to the        

n         π∗ transition of C=O bonds in the GDQs. The broad absorption band of N-GQDs observed at 

450-600 nm is due to n       π∗ transition of CN bonds. The bandgap energy of the GQDs suspension 

was calculated as ~4.4 eV from the Tauc plot ((αhν)^2 versus hν for direct bandgap materials) of its 

UV–vis absorption spectrum (figure 20b). This large bandgap is an evidence of the formation of 

GQDs, because graphene has a zero bandgap in theory and when it becomes small enough that 

quantum confinement effects would dominate, it gains a bandgap. 

 

Further study on the optical properties of GQDs was performed by the PL technique using different 

excitation wavelengths from 340 nm to 420 nm. As shown in the figure 22c, the increase of excited 

wavelengths causes a decrease in the PL peak intensity. The figure shows that the photoluminescent 

emission band did not shift with the change of excitation wavelength. The evolution of the 

luminescence behavior with a change in the excitation energy is due to the various size distributions 

and presence of impurity states in graphene quantum dots. 

Analysis of photoluminescence spectra can help in understanding the recombination rate of the 

photogenerated electron-hole pairs, which influences the photocatalytic activity. Figure 23a shows 
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the absorbance spectra of ZnO NRs and N-GQDS-U/ZnO NRs composites. It shows that the 

composite exhibits enhanced absorbance in the region between 300 and 500 nm. Figure 22b 

compares the room-temperature photoluminescence PL spectra of the ZnO NRs and the N-GQDs-

U/ZnO NRs composite, excited by the wavelength of 320 nm. As it is seen, in the spectrum related 

to the N-GQDs-U/ZnO composite, photoluminescence is weaker. The ultraviolet emission band 

becomes broader and weaker. This decrease in the PL after incorporation of N-doped GQDs-U 

indicates a large decrease in the radiative recombination rate of electron-hole pairs. In fact, the N-

GQDs-U on the ZnO NRs can capture the photogenerated electrons for some time, preventing them 

to be recombined with their holes counterparts, increasing their chance to be separated from each 

other and participate in oxidative and reductive reactions. The electron-hole pairs that are not 

trapped are usually recombined to each other on the order of several picoseconds.  

Figure 24 compares the room-temperature photoluminescence PL spectra of the ZnO NRs, the 

Sn  /ZnO NRs composite and N-GQDs-U/ Sn   ZnO NRs composite, excited by the wavelength 

of 320 nm. As it is seen, the photoluminescence of ZnO NRs is weaker than the 2 composites. This 

increase in the PL after deposition of tin oxide on the ZnO NRs indicates a large increase in the 

radiative recombination rate of electron-hole pairs. In fact, deposition of the tin oxide blocks the 

defects on the ZnO NRs that was capturing the photogenerated electrons for some time, preventing 

them to be recombined with their holes counterpart. So after deposition of Sn  , which has many 

advantages like protecting the ZnO NRs from dissolution in acidic medium, many electron-hole 

pairs are not trapped in the defects of ZnO NRs and then are recombined to each other on the order 

of several picoseconds. After doping the Sn   ZnO NRs by N-GQDs-U, the PL become lower, that 

decrease in the PL after incorporation of N-doped GQDs-U indicates a decrease in the 

recombination rate of electron-hole pairs in the composite. 
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Figure 22: (a) UV-vis spectrum of the N-doped GQDs-U suspension (b) tauc plot of the absorption curve of N-GQDs-U (c) 
Photoluminescence spectra of N-doped GQDs-U. 
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Figure 23: (a) UV-vis absorption spectra of the  ZnO NRs and N-GQDs-U/ZnO NRs (b) PL spectra of ZnO NRs and N-doped GQDs-
U/ ZnO NRs for an excitation wavelength    = 320 nm 
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Figure 24: Photoluminescence spectra of the ZnO NRs, the Sn𝐎𝟐/ZnO NRs composite and N-GQDs-U/ Sn𝐎𝟐 ZnO NRs composite 

for an excitation wavelength 𝛌𝐄𝐱= 320 nm 
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Photocatalytic test 

Methylene blue (MB) was used as a model contaminant for the investigation of the photocatalytic 

activity of the N-doped GQD-U/ZnO NRs. Low pressure Hg lamp (UVP, San Gabriel, CA 91778 

U.S.A.) was used as UV light source and halogen lamp (Co-Tech ECLC-HALO-0103D 150 W) 

was used as visible light source during the photocatalytric tests. 3.5 ml of 10  M aqueous solution 

of MB was placed in plastic polystyrene VWR Cuvettes PMMA (poly (methyl methacrylate)) 

macro containing glass substrates (1 cm   5 cm) coated with bare ZnO, N-doped GQDs-U/ZnO 

NRs, Sn       NRs and N-doped GQDs-U Sn       NRs. The photoreactors were kept in dark 

for 1 h to obtain adsorption-desorption equilibrium, then they were placed under the light of an UV 

and a visible light halogen lamp for 120 min, in closed area to avoid any hazardous light from other 

lamps in the surrounding, to conduct the photocatalytic degradation of the MB molecules.  

Analytical methods 

The photocatalytic reduction of the MB was monitored by recording the optical absorption of the 

MB solution  at 15 min, 30 min, 45 min, 60 min, 90 min and 120 min, respectively, by placing the  

PMMA Cuvettes in a UV/VIS Spectrometer (Lamda 25 from Perkin Elmer, Italy). The 

concentration of MB was estimated from the reduction in the absorption intensity of MB at     = 

665 nm and plotted as   /   versus light exposure time, where    represents the concentration of 

MB at time t and    represents the initial concentration of MB.  

A First order exponential equation (y=a     ) was used to fit the MB decay curves, where “a” is a 

pre-exponential factor and “b” represents the degradation rate constant in mi    . Thus, the 

absorption is measured according to Beer-Lambert law: A= 3bc, where A is the absorbance (no 

unit), 3 is the molar absorptivity with units of L         , b is the path length of the sample, and 

c is the concentration of the compound in solution, expressed in mol    . So, as the concentration c 

is proportional to the absorbance, we can directly use A/   which is equal to C/   to plot the 

concentration decay curve. This decay appears to follow the following formula: 

 C/  = a       

Ln (C/  ) = - (ab) t= - k t, where k is the apparent degradation rate constant. 

 

Figure 25 shows the photocatalytic degradation profile of MB under UV and visible light conditions 

with ZnO NRs, N-GQDs-U/ ZnO NRs, Sn  /ZnO NRs composite and N-GQDs-U/ Sn   ZnO 

NRs composite. In figure 25a, the photodegradation of MB by ZnO NRs only was noticed to be the 

highest, this photodegradation rate was found to be lower using the other substrates. This clearly 

suggests a direct relationship between visible light photocatalytic activity and surface defect states 

on ZnO NRs. Typically surface defect states, related to oxygen vacancies, are available to trap 

electrons or holes. Thus, reducing the probability of recombination of the e-h pairs and subsequent 

redox reactions may occur. The effectiveness of ZnO NPs in MB decomposition can be explained 

on the basis of the •OH radicals and holes present on the surface of ZnO NPs, which break down 

MB dye in aqueous solutions. In other words, the photocatalytic degradation of the MB is 
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controlled by the diffusion and reaction of OH• radicals. However, when ZnO NRs were coated 

with tin oxide, the rate of these defects decreased; in turn increasing the rate of recombination of 

electron-hole pairs needed for the photocatalytic reactions. It can be noticed also, that the 

degradation rate of MB by N-GQDs-U/ZnO NRs substrate was lower than with ZnO NRs substrate, 

this decrease can be explained by the fact that we synthesize a highly defective graphene quantum 

dots, in which the generated holes were lost in these big defects and thereby did not react with 

electron donors species and finally didn't contribute in the photocatalytic activity. The figure 25b 

shows that the photodegradation rate of MB under visible light conditions using N-GQDs-U/ZnO 

and N-GQDs-U/ Sn    ZnO NRs composites are the lowest. This decrease in the rate of 

degradation is due to the wide band gap energy of the prepared N-GQDs-U which is bigger than the 

controlled by the diffusion and reaction of OH• radicals. However, when ZnO NRs were coated 

with tin oxide, the rate of these defects decreased; in turn increasing the rate of recombination of 

electron-hole pairs needed for the photocatalytic reactions. It can be noticed also, that the 

degradation rate of MB by N-GQDs-U/ZnO NRs substrate was lower than with ZnO NRs substrate, 

this decrease can be explained by the fact that we synthesize a highly defective graphene quantum 

dots, in which the generated holes were lost in these big defects and thereby did not react with 

electron donors species and finally didn't contribute in the photocatalytic activity. The figure 24b 

shows that the photodegradation rate of MB under visible light conditions using N-GQDs-U/ZnO 

and N-GQDs-U/ Sn    ZnO NRs composites are the lowest. This decrease in the rate of 

degradation is due to the wide band gap energy of the prepared N-GQDs-U which is bigger than the 

band gap of ZnO NRs. This wide band gap is due to the small sizes of our GQDs, noting that the 

smaller the size of these GQDs is the bigger is the band gap energy. Therefore, it can be said that 

our GQDs do not play a separate role in the increased absorption. 
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(a) 

 

 
(b) 

 
Figure 25: Time variation of photocatalytic activities of ZnO NRS, N-GQDs-U/ZnO NRs, Sn  /ZnO NRs composite and N-

GQDs-U/Sn   ZnO NRs composite under (a) UV light conditions (b) visible light conditions. 
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Conclusion 

 

The main goal of this project is to highlight the problem of water pollution by microplastics. This 

report shows the effect of this problem on human being lives and on animals, it also shows some 

traditional techniques that have been used to clean the water from pollutants. Also, it focused on the 

photocatalytic degradation technique which gains more and more attention over the years. In this 

report, we show the different types of semiconductors that can be used as photocatalyt for the 

photodegradation of pollutants, but we are focusing on zinc oxide semiconductor because of its 

numerous advantages. In addition, we show the different types of zinc oxide nanomaterials and the 

technique used for the growing of the ZnO NRs while showing the effect of growing parameters 

and the ZnO properties on the photocatalytic activity. On the other hand, this report discusses the 

different ways to improve ZnO NPs as photocatalyst. Among these techniques, we chose to dope 

our ZnO NRs by graphene quantum dots. Thereby, we designed and synthesized our ZnO NRs first, 

then we coated them with tin oxide to protect our zinc oxide from photocorrosion and finally, we 

dipped our substrates in the synthesized N-doped-GQDs. The optical absorption and 

photoluminescence (PL) spectra of the ZnO NRs, N-GQDs-U, and N-doped GQD-U/ZnO NRs 

were recorded in a UV/Vis spectrometer and a fluorescence spectrometer. The photocatalytic 

degradation profile of MB shows that the photodegradation of MB by ZnO NRs was noticed to be 

the highest, this photodegradation rate was found to be lower using the other substrates. This is 

explained by the fact that when ZnO NRs were coated with tin oxide, the rate of defects decreased; 

in turn increases the rate of recombination of electron-hole pairs needed for the photocatalytic 

reactions. Plus, the decrease in the degradation rate of MB by N-GQDs-U/ZnO NRs composite 

when compared to ZnO NRs substrate is explained by the fact that we synthesize a highly defective 

graphene quantum dots, in which the generated holes were lost in these big defects and thereby did 

not react with electron donors species and finally didn't contribute in the photocatalytic activity. 

Finally, as a solution to this problem we suggested to anneal our N-GQDs-U/ZnO NRs composite 

in order to reduce the number of these trap states. 
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