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[bookmark: _Toc515028841][bookmark: _Toc515028988]Abstract
In this research work, synthesis, characterization and photocatalytic activity of CuFeO2/ZnO nanoparticle for degradation of methylene blue (MB) dyewas studied. The CuFeO2/ZnO nanoparticles were successfully synthesized via successive ionic layer adsorption and reaction (SILAR) method. The crystal structure, vibrational frequency and optical properties of the synthesized CuFeO2/ZnO nanoparticles were studied using x-ray diffraction (XRD), Fourier transform infrared (FTIR) and ultraviolet/visible (UV/vis) spectrophotometers, respectively. The structural characterization of CuFeO2/ZnO nanoparticles has been done by analyzing the results obtained from XRD measurements. The results obtained using the XRD indicates that the desired CuFeO2 phase was synthesized with crystalline size (D) of 22.59 nm. The results obtained using the FTIR spectrum shows peak in the range of 1340-1390 cm-1, ~530 cm-1 and ~420 cm-1 which corresponds for Cu-Fe, Fe-O and Zn-O bond stretching, respectively. Similarly, the results obtained using the UV/vis measurement indicates a red shift in the absorption spectra of ZnO from ultraviolet to visible light due to coupling of CuFeO2 nanoparticle.The photocatalytic applicability of the synthesized CuFeO2/ZnO nanoparticle has been evaluated by photocatalytic removal of MB as a function of time. CuFeO2/ZnO nanoparticle seems promising photocatalyst for degradation of MB under light irradiation with 85.6 % degradation in 60 min. The photocatalytic degradation of MB follows pseudo-first order kinetics with rate constant (k) value of 2.910-2 min−1. Furthermore, the trapping experiment was carried out using different scavenger for active species. Among the active species, hole is the most active species which plays a vital role in the degradation of MB.The results obtained in this research work are in broad agreement with previous experimental findings.

Keywords:zinc oxide, cupper iron oxide, methylene blue, photocatalysis, SILAR method,trapping experiment
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[bookmark: _Toc492014200][bookmark: _Toc499092958]CHAPTER ONE
[bookmark: _Toc514181632][bookmark: _Toc514359778][bookmark: _Toc515028997]GENERAL INTRODUCTION
1.1 [bookmark: _Toc515028998]Introduction
[bookmark: _Toc513796227][bookmark: _Toc515028999][bookmark: _Toc513796226][bookmark: _Toc514181634][bookmark: _Toc514359780][bookmark: _Toc511494259][bookmark: _Toc511638145]Currently, a wide variety of dyes are introduced into the aqueous system from various sources, such as industrial effluent, agricultural runoff, municipal wastes and chemical spills. Among these sources of water pollution the wastes from the textile and dye industries are highly hazardous to aquatic living and human beings.About 15–20% of the total global production of dyes is lost during the dyeing process and is released into the environment as textile effluent [1]. According to Ethiopian textile industry development institute (ETIDI), Ethiopian textile processing units consumed about 14,250,406 Kg of various types of dyes and chemicals [2]. Many organic dyes are toxic and carcinogeniclike azo dyes; congo red, methylene blue and methyl orange which may lead to the jeopardizing aquatic organism and also human health. Their toxicity, stability to natural decomposition and persistence in the environment has been the cause of much concern to societies and regulatory bodies around the world. Degradation of these dye pollutants, which have a deleterious effect on the wellbeing of mankind, has easily become the center point of research efforts in today’s scientific world. 
[bookmark: _Toc515029000]Researchers have taken many steps and have suggested many pollutants remediation techniques, (i) physical,such as adsorption, precipitation, air stripping,reverse osmosis and ultra-filtration. (ii) Chemical like, chlorination, ozonation, precipitation and catalyst-chemical oxidation. (iii) Biological such as enzymatic decomposition and biodegradation processes.But each has its own limitations for the application, cost, and effectiveness point of view. The pollutants are being transferred to solid phase from liquid phase by physical techniques hence the pollutants are not destroyed. Chemical oxidation may be slow to moderate in the rate and selective or rapid but nonselective, hence generating oxidant cost. Rests of the techniques are limited due to oxidative potential, economics, or tendency to form harmful by-products. Due to these limitations there may be offered an effective particular process which may be the combination of the available techniques in such a way to exploit their individual strength, thus an appropriate solution obtained within the economic constraints.
[bookmark: _Toc515029001][bookmark: _Toc513796228][bookmark: _Toc514181637][bookmark: _Toc514359783]Nowadays the most appropriate techniques for the water treatment are advanced oxidation processes (AOPs). Among AOPs, heterogeneous photocatalysis is a best water treatment process and has attracted the interest of researchers due to its ability to completely decompose the target pollutants [3, 4]. Semiconductor heterogeneous photocatalysisis effective way for degradation of organic pollutants in waste water [5]. Photocatalysis, as a “green” and energy saving method to completely eliminate environmental pollutants, has aroused tremendous interest. In this field, a fundamental issue is the construction of highly efficient photocatalysts. Semiconductor hetero-structures with staggered alignment band gaps not only improve the separation of photo-generated charge carriers, but also widen the light absorption when a narrow band gap component is used [6].
[bookmark: _Toc515029002][bookmark: _Toc514181636][bookmark: _Toc514359782]There is a great potential for the removal of the toxic chemicals from the polluted water by photocatalytic degradation using nanostructured semiconductors [7]. Currently, the hot issue among the most important challenges faced by science researchers for clean energy, pollutant-free water and air is designing new materials for the maximal harvesting of solar radiation. This photocatalysis system has attracted great interest from science community as the most promising way to solve the environmental problems, especially getting rid of residual dye pollutants from wastewater stream. The most significant advantage of this technique is that it can be used to degrade a wide range of toxic organic compounds especially the recalcitrant ones that are not readily amenable to other conventional treatment processes. The products of the degradation process include relatively innocuous simple molecules such as carbon dioxide (CO2) and water (H2O).
[bookmark: _Toc515029003]An extensive work has been carried out on ZnO for the application of photocatalysis and photovoltaic cells due to its advantage of high stability against photo corrosion, good photovoltaic and photocatalysis efficiencies [8, 9].ZnO is now considered to be the future material for various optoelectronics devices and sensors and as a catalyst. So far, ZnO  have been used to degrade the harmful dyes into less harmful chemicals by photocatalytic reaction under light illumination [10]. however, it can only absorb ultraviolet light, which accounts for <5.5 % of solar radiationdue to its large band gap (3.2 eV) and also have high photo generated electron hole recombination.
[bookmark: _Toc515029004]To overcome these drawbacks, doping transition metals was employed to improve the optical properties of ZnO and to inhibit the recombination of photo-generated charge carriers. Enhancingphotocatalytic performances have been studied previously for ZnO doped with Mn2+ and Co2+[11], Ni [12], Cu [13], Cr [14] and Mg [15] ions. Furthermore light response range of ZnO can be extended to visible region by coupling with a narrow bang gap semiconductor like Ag2S [16][24].
[bookmark: _Toc515029005]In this study CuFeO2 was used to extend ZnO absorption spectra to visible region and to reduce charge carrier recombination rate.Due to the formation of a favorable p–n junction at the CuFeO2/ZnO interface, the photo-generated electrons in CuFeO2 will readily move towards the ZnO, resulting in efficient charge carrier separation. The photo-generated electron and holes will effectively oxidize organic pollutants in to carbon dioxide and water with the mechanism shown below.
[image: ]
Figure 1.Photocatalytic degradation mechanism with coupled CuFeO2/ZnO configuration.

1.2 [bookmark: _Toc492014202][bookmark: _Toc515029007][bookmark: _Toc499092959][bookmark: _Toc497279779][bookmark: _Toc499092967]Statement of the problem
[bookmark: _Toc511494277][bookmark: _Toc511638164][bookmark: _Toc513796268][bookmark: _Toc514181639][bookmark: _Toc514359785][bookmark: _Toc515029008]Since the effluents, gaseous or waste water from various industries, factories, laboratories, etc.,  are serious problems to the environment i.e. discharged wastes containing dyes are toxic to microorganisms, aquatic life and human beings, degradation of these dyes in industrial wastewaters has received increasing attention and some methods of remediation have been proffered [17].
[bookmark: _Toc513796269][bookmark: _Toc514181640][bookmark: _Toc514359786][bookmark: _Toc497279781][bookmark: _Toc499092969][bookmark: _Toc511494278][bookmark: _Toc511638165]ZnO is one of the most active catalysts for the degradation of a wide range of organic compounds,however, it can only absorb ultraviolet light, which accounts for <5.5% of solar radiationdue to its large band gap (3.2 eV) and also have high photo generated electron hole recombination. To overcome these limitations, its absorption range can be extended to the visible region and rate of electron-hole recombination can be reduced by coupling with narrow band gap semiconductorphotocatalyst, CuFeO2.
[bookmark: _Toc515029009][bookmark: _Toc513796270]Many methods have been reported for the synthesis of semiconductor CuFeO2 nanoparticle both in gas phase methods, such as chemical vapor deposition [18], atmospheric pressure plasma annealing [19] and thermal decomposition [20] and liquid phase methods, such as electrochemical deposition [21], sol-gel [22] and hydrothermal deposition methods[23].In comparison to gas-phase methods, liquid-phase methods have an advantage of providing thin films of large area at low cost but have a disadvantage in terms of difficulty in the control of a precise film structure. Due to limitations of these methods finding simple, low energy and short time consuming method is compulsory.In this study simple, low-energy and short time consuming synthesis method which is successive ionic layer adsorption and reaction (SILAR) were used to gain high crystalline CuFeO2.








1.3 [bookmark: _Toc492014203][bookmark: _Toc515029010]Objectives of the study
1.3.1 [bookmark: _Toc492014204][bookmark: _Toc492013140][bookmark: _Toc515029011]General objective
[bookmark: _Toc492014205]The general objective of this study is to synthesis, characterize and examine photocatalytic degradation activity of CuFeO2/ZnOnanoparticle.
1.3.2 [bookmark: _Toc515029012]Specific objectives
      The specific objectives of this research work are:
i. [bookmark: _Toc497279786][bookmark: _Toc499092974][bookmark: _Toc511494282][bookmark: _Toc511638169][bookmark: _Toc513796274][bookmark: _Toc514181644][bookmark: _Toc514359790][bookmark: _Toc515029013][bookmark: _Toc497279787][bookmark: _Toc499092975][bookmark: _Toc511494283][bookmark: _Toc511638170][bookmark: _Toc513796275]to synthesis CuFeO2photocatalyst material on ZnOby SILAR method.
ii. [bookmark: _Toc514181645][bookmark: _Toc514359791][bookmark: _Toc515029014][bookmark: _Toc497279790][bookmark: _Toc499092978][bookmark: _Toc511494284][bookmark: _Toc511638171][bookmark: _Toc513796276]to study crystalline structure and optical properties of CuFeO2/ZnO.
iii. [bookmark: _Toc515029016][bookmark: _Toc515029015][bookmark: _Toc514181646][bookmark: _Toc514359792]to modify ZnO nanoparticles for inducing visible light photocatalysis.
iv. toinvestigate the photocatalytic activity of CuFeO2/ZnO nanoparticle towards degradation ofmethylene blue dye.
1.4 [bookmark: _Toc515029017]Significance of the study
[bookmark: _Toc499092981][bookmark: _Toc511494289][bookmark: _Toc511638176][bookmark: _Toc513796279][bookmark: _Toc514181649][bookmark: _Toc514359795][bookmark: _Toc515029018][bookmark: _Toc497279793][bookmark: _Toc511494290][bookmark: _Toc511638177][bookmark: _Toc499092982][bookmark: _Toc511494291][bookmark: _Toc511638178][bookmark: _Toc513796280][bookmark: _Toc514181650][bookmark: _Toc514359796]The significance of the study is to keep environmental health by degrading discharged waste water containing dyes which are toxic to microorganisms, aquatic life and human beings. In this research, designing a stable, efficient, and broad solar spectra absorber material was the core issue. In this regard, a new photocatalytic CuFeO2/ZnOnanoparticle with a broader range of light absorption was synthesized via SILAR method. SILAR method have never been used for growth of CuFeO2 nanoparticle and rarely used in the synthesis of other metal oxide nanostructures. Hence, the study demonstrates the use of a simple and low cost SILAR synthesis method for the growth of other similar binary and ternary metal oxide nanoparticle for various applications.

[bookmark: _Toc515029019]The methodology developed in this study can be extended to other ternary metal oxide systems which are used in a wide variety of applications. In addition, the result of the study has an important effect on the design and use of such nanostructures for photocatalytic degradation of organic pollutants and conveys important information about the activity of CuFeO2/ZnOnanoparticletowards photo-degradation of pollutant in waste water effluents. The results of this research provide useful information for the design of an optimal semiconductor that would combine the ability to dissociate dye molecules with a proper band gap that absorbs solar light while retaining high stability.
[bookmark: _Toc514181654][bookmark: _Toc515029023]CHAPTER TWO
[bookmark: _Toc515029024]LITERATURE REVIEW
2.1 [bookmark: _Toc515029025]Dyes
[bookmark: _Toc514181657][bookmark: _Toc514359803][bookmark: _Toc515029026]Potable water is increasingly becoming scarcer due to increased contamination of surface and ground water. The main causes of surface and groundwater contamination are industrial effluents (even in small amounts), excessive use of pesticides, fertilizers (agrochemicals) and domestic waste landfills. Organic pollutants such as dyes (methylene blue, methyl orange, congo red etc.,) that are non-biodegradable and highly toxic pose a great threat to aquatic life and other living organisms [24]. Many of the organic dyes along with their products have a carcinogenic effect on human beings [25]. Consequently, it is a matter of great concern to treat these dyes before discharging them.Among these organic dyes methylene blue (MB), have been extensively used in textiles and printing industry which has some serious harmful effects on humans and animals [26].Methylene blue is a heterocyclic aromatic chemical compound with the molecular formula C16H18N3SCl. The chemical name according to International Union of Pure and Applied Chemistry (IUPAC) is [3, 7-bis (dimethyl amino) phenothiazin chloride tetra methylthionine chloride].If MB is ingested stimulates the gastro-intestinal tract and leads to nausea, vomiting and diarrhea[27].Because of potential toxicity of MB on humans, animals and aquatic life and its visibility in surface waters, degradation of it have been a matter of considerable interest.
[bookmark: _Toc513796231][image: ]
Figure 2.Chemical structure of methylene blue.
2.2 [bookmark: _Toc515029027]Wastewater treatment methods
[bookmark: _Toc514181659][bookmark: _Toc514359805][bookmark: _Toc511494262][bookmark: _Toc511638149][bookmark: _Toc513796233][bookmark: _Toc515029028][bookmark: _Toc513796234][bookmark: _Toc514181660][bookmark: _Toc514359806]With the progression of global industrialization, environmental pollution becomes a more serious issue and, thus, has received considerable attention. The improper discharge of untreated industrial waste water contaminated with organic dyes posesenvironmental problems.These dyes do not decompose rapidly through natural processes and are resistant to aerobic degradation. So it is necessary to find an effective method of wastewater treatment methods. Wastewater treatment is usually based on physical and biological processes. After elimination of particles in suspension, the usual process is biological treatment (natural decontamination), but unfortunately, some organic pollutants, classified as bio-recalcitrant, are not biodegradable because of recalcitrant nature of synthetic dyes and the high salinity of wastewater containing dyes [28].Due to this reason conventional biological treatment methods of these pollutants are often very slow and ineffective.
[bookmark: _Toc515029029]
[bookmark: _Toc513796235][bookmark: _Toc514181661][bookmark: _Toc514359807][bookmark: _Toc511494264][bookmark: _Toc511638151]Also traditional physical techniques such as, adsorption on activated carbon[29], ultra filtration[30], reverse osmosis[17], coagulation by chemical agents[31], ion exchange on synthetic adsorbent resins[32], etc. have been used for the removal of dye pollutants. However these methods only succeed in transferring organic compounds from water to another phase, thus creating secondary pollution, this will require a further treatment of solid wastes and regeneration of the adsorbent which will add more cost to the process[33].Therefore a balanced approach is needed to look into the worthiness on choosing an appropriate method which degrades the dye in question.Among these techniques, the advanced oxidation processes appears a promising field of studywhich have been reported to be effective and can provide almost total degradation of soluble organic pollutants from waste water and air [5, 34].
2.3 [bookmark: _Toc515029030]Advanced oxidation processes (AOPs)
[bookmark: _Toc513796237][bookmark: _Toc514359809][bookmark: _Toc515029031][bookmark: _Toc514181663][bookmark: _Toc513796250][bookmark: _Toc513796251][bookmark: _Toc514181664]Advanced oxidation processes are widely used for the removal of recalcitrantorganic constituents from industrial and municipal wastewater. In this sense, AOP typeprocedures can become very promising technologies for treating wastewater containingnon-biodegradable organic compounds with high toxicity. Theseprocedures are based on generating highly oxidative OH radicals and H2O2 in the reaction medium.The AOPs can be successfully used in wastewater treatment to degrade the persistent organic pollutants, the oxidation process beingdetermined by the very high oxidative potential of the OH radicals generated into thereaction medium by different mechanisms.
[bookmark: _Toc514359810][bookmark: _Toc515029032]
[bookmark: _Toc513796252][bookmark: _Toc499092960]In this way AOPs becomes themost widely used waste water treatment technologies for organic pollutants not treatable byconventional techniques due to their high chemical stability and/or low biodegradability. AOPs are designated for removal of organic contaminants such as halogenated hydrocarbons, aromatics (benzene, toluene, and xylene), pentachlorophenol (PCP), nitrophenol, detergents, pesticides, etc.AOPs have been also studied extensively through which a broad range of organic dyes can be oxidized quickly and non-selectively. As one of the novel AOPs,the heterogeneous photo-catalytic oxidation process developed in the 1970s is of special interest especially when solar light is used [35].
2.4 [bookmark: _Toc515029033]Photocatalysis process
[bookmark: _Toc511494266][bookmark: _Toc511638153][bookmark: _Toc513796254][bookmark: _Toc514181666][bookmark: _Toc514359812][bookmark: _Toc515029034]Photocatalysis process is the most promising way for environmental health protection because of its ability to oxidize organic pollutants into benign products [36]. Photocatalysis utilizes semiconductor photocatalysts to carry out a photo-induced oxidation process to break down organic contaminants and inactivate bacteria and viruses. The word “photocatalysis” is derived from the Greek language and composed of two parts: The prefix photo means light and catalysis which is the process where a substance involves in altering the rate of a chemical transformation of the reactants without being altered at the end. It is the amalgamation of photochemistry and catalysis.

The major advantages of this technology are: (i)it offers a good substitute for the energy-intensive conventional treatment methods with the capacity for using renewable and pollution free solar energy. (ii) unlike conventional treatment methods, which transfer pollutants from one medium to another, photocatalysis leads to the formation of harmless products, such as CO2 and H2O. (iii)this process can be used to destroy a variety of hazardous compounds in different waste water streams. (iv)it can be applied to aqueous and gaseous phase treatments, as well as solid (soil) phase treatments to some extent. (v)the reaction conditions for photocatalysis are mild, the reaction time is modest, and a lesser chemical input is required. (vi)secondary waste generation is minimal. (vii)the option for recovery can also be explored for metals, which are converted to their less-toxic/nontoxic metallic states. Generally photocatalysis has proved to be of real interest as efficient tool for degrading both aquatic and atmospheric organic contaminants[37]. 
2.5 [bookmark: _Toc515029035]Mechanism of photocatalysis process
The basic mechanism of photocatalytic degradation of organic pollutants using UV/photocatalystssystem is activated by absorption of a photon with sufficientenergy (i.e. equals or higher than the band-gap energy (Eg) of the photocatalyst). The absorption leads to a charge separation due to promotion of an electron (e−) from the valence band of the semiconductor catalyst to the conduction band, thus generating a hole (h+) in the valence band.The photo generated holes can oxidize the organic molecule to form R+, or react with OH− or H2O oxidizing them into OH radicals. The resulting OH radical, being a very strong oxidizing agent (standard redox potential +2.8 eV) can oxidize most dyes to the mineral end products. In short photo-catalytic process involves three steps: (1) the absorption of photons with energy larger than the band gap of a photocatalyst, (2) the generation, separation, migration or recombination of photogenerated electron–hole pairs, and (3) the redox reactions on the photocatalyst surface. 
[image: ]
[bookmark: _Toc515029036][bookmark: _Toc513796260][bookmark: _Toc514181672][bookmark: _Toc514359814][bookmark: _Toc515029037]Figure 3.General mechanism of photocatalysis process by ZnO semiconductor
photocatalyst[38].
2.6 Semiconductor photocatalysis
Among the various techniques, semiconductor photocatalysisis a popularly employed process to degraded hazardous waste materials especially organic compounds to less toxic or less harmful products. And it involves the acceleration of photoreaction in the presence of semiconductor photocatalystnot conductors or insulators. Semiconducting oxide photocatalysts have been increasingly focused in recent years due to their potential applications in solar energy conversion and environmental purification and it has enormous potential to treat organic contaminants in water and air. In this regard, application of photocatalysis, especially photocatalysis using semiconductor particulate system, appears to be the most appealing mean than the more conventional chemical oxidation methods for decomposition of toxic compounds to non-hazardous product. This is because of the fact that semiconductors are: (i) inexpensive (ii) non-toxic (iii) having high surface area (iv) having broad absorption spectra with high absorption coefficients (v) exhibiting tunable properties which can be modified by size reduction, doping, sensitizers, etc. (vi) affording facility for multi electron transfer process and (vii) capable of extended use without substantial loss of photocatalytic activity[39]. There are various semiconductor photocatalysts as shown in fig. 4 below.
[bookmark: _Toc513796256][bookmark: _Toc514181668][bookmark: _Toc514359816][bookmark: _Toc515029039][image: ]
Figure 4. Conduction band and valance band potential of some commonly used semiconductor photocatalystswith the potentials of CO2 and water redox couples at pH 0 versus vacuum and NHE [21].
2.7 [bookmark: _Toc515029040][bookmark: _Toc499092962]Modification of ZnO semiconductor for harvesting visible light
[bookmark: _Toc515029041]Among manyphotocatalystsas shown in fig. 4, ZnOis an n-type semiconductor with a wide direct bandgap (3.37 eV), is widely used for degrading pollutants in water. Owing to its non-toxic properties, long-term stability, high carrier mobility, low cost and biocompatibility, ZnO also has many applications in other areas, such as gas sensors[40], solar cells [41], H2 studies [42], field-effect transistors [43], ultraviolet lasers [44]and photocatalysis[45]. However, some drawbacks of ZnO limit its utilization in photocatalysis application. Due to its wide bandgap, ZnO can only be activated in the presence ofUV light, which constitutes only about 5% of the solar light energy reaching earth’s surface. Also, the photo excited electron-hole pairs recombine fast on the surface of ZnO, limiting its photocatalytic properties. This recombination of photo-generated hole (h+) in valance band and electron (e-) in conduction band is the major disadvantage in ZnO semiconductor photocatalysis which lowers the quantum yield and causes energy wasting. In order to copewith these problems, doping transition metals was employed to improve the optical properties of ZnO and to inhibit the recombination of photo-generated charge carriers. Its enhancement in the visible light photocatalytic performance can be ascribed to the metal ions substituted in the lattices of ZnO, which narrow the bandgap of ZnO and increase the delocalization of electrons in the nanostructure. Enhanced photocatalytic performances have been studied previously for ZnO doped with Mn2+ and Co2+[11], Ni [12], Cu[13], Cr [14] and Mg [15] ions. Furthermorelight response range of ZnO can be extended to visible region by coupling with a narrow bang gap semiconductor like Ag2S [16][24].In this study CuFeO2was used to extend ZnO absorption spectra to visible region and to reduce charge carrier recombination rate.
2.8 [bookmark: _Toc515029042]Cupper iron oxide semiconductor photocatalyst
CuFeO2 are delafossites, and ternary metal oxides (ABO2, where A is Cu, Ag, Pd, or Pt and B is a trivalent ion, such as Cr3+, Fe3+, Co3+ or Rh3+).Cu1+Fe3+O2 are a stable compound in the Cu–Fe–O system with nonmagnetic monovalent metal cations and magnetic trivalent cations. Distinguished from the wide number of the ternary oxides, CuFeO2 has received special interests, because it exhibited exceptional electrical, optical and catalytic properties. One of the greatest advantages of CuFeO2 is its long term chemical stability under neutral and alkaline conditions. Currently CuFeO2 have received burgeoning attention because of their numerous applications in batteries and super capacitors[46], nano biomedicine[23], catalysis[47] and separations[48].Mostinterestingly, CuFeO2 has drawn intense interest as photocatalyst because of good light absorption properties (band gap energy ∼1.95 eV), suitable band edge energy positions andgood stability in aqueous medium.The possible mechanism of photocatalysis process using coupled CuFeO2/ZnOis shown in fig.1 above.
2.9 [bookmark: _Toc515029043][bookmark: _Toc497279776][bookmark: _Toc511494273][bookmark: _Toc511638160][bookmark: _Toc513796264][bookmark: _Toc499092964]Synthesis methods of CuFeO2 on ZnO nanoparticle
To synthesize delafossite CuFeO2 several methods, including solid state reaction[48], atmospheric pressure plasma annealing[19], hydrothermal [23],pulsed laser deposition[49], Chemical solution deposition[50],radio-frequency sputtering technique[51], chemical co-precipitation[52], flux method[21],and sol-gel techniques with high temperature after treatment[22],electrochemical [21] and by simple dip coating method on florin tin oxide (FTO) coated glass substrate followed by post annealing [53] have been used.These methods are energy intensive and the produced thin film is predominantly micron in size[54].
[bookmark: _Toc511494274][bookmark: _Toc511638161][bookmark: _Toc513796265]In this study a simple, low-energy and short time consuming successive ionic layer adsorption and reaction (SILAR) synthesis method was used to gain high crystalline CuFeO2.SILAR employs a similar self-limiting sequential layer-by-layer growth mechanism. It is one of the simplest solution methods, which is based on the sequential reactions at the substrate solution interface for the deposition of thin films. In this method the substrate is immersed separately to a dilute cation/anion precursor solution and rinsed between every immersion with flowing high-purity water. Both adsorptions of the film components and rinsing control the process.
[bookmark: _Toc497279777][bookmark: _Toc499092965][bookmark: _Toc511494275][bookmark: _Toc511638162][bookmark: _Toc513796266][bookmark: _Toc514181676][bookmark: _Toc514359822][bookmark: _Toc515029044]In spite of its simplicity, SILAR has a number of advantages such as:(i) it is ideal for making uniform, compact and crystalline nanoparticles,(ii)it offers extremely easy way to dope film with virtually any element in any proportion by merely adding it in some form of the cationic solution, (iii)the deposition rate can be easily controlled over a wide range by changing the deposition cycles,(v) operating at room temperature can produce films on less robust materials,(vi) unlike high power methods such as radio frequency magnetron sputtering (RFMS), it does not cause local over heating that can be detrimental for materials to be deposited and there are virtually no restrictions on substrate material and dimensions or its surface profile.Moreover, it is relatively inexpensive, simple and convenient for large area deposition[55].
[bookmark: _Toc492014206][bookmark: _Toc492013142]The critical operations for the deposition of thin films by SILAR methods are: (i) adsorption of the cations, (ii) rinsing with appropriate solvent, (iii) reaction of pre-adsorbed cationswith newly adsorbed anions and (iv) again rinsing with appropriate solvent[56], which is called one SILAR cycle.














CHAPTER THREE
[bookmark: _Toc514359824][bookmark: _Toc515029045][bookmark: _Toc492014207][bookmark: _Toc492013143]EXPERIMENTAL DETAIL
3.1 [bookmark: _Toc515029046]Chemicals and reagents
[bookmark: _Toc497279796][bookmark: _Toc499092985][bookmark: _Toc511494294][bookmark: _Toc511638181][bookmark: _Toc513796283][bookmark: _Toc514181680][bookmark: _Toc514359826][bookmark: _Toc515029047][bookmark: _Toc497279797][bookmark: _Toc499092986][bookmark: _Toc511494295][bookmark: _Toc511638182][bookmark: _Toc497279798][bookmark: _Toc499092987][bookmark: _Toc511494296][bookmark: _Toc511638183][bookmark: _Toc499092990][bookmark: _Toc511494298][bookmark: _Toc511638185][bookmark: _Toc497279800][bookmark: _Toc499092989][bookmark: _Toc511494297][bookmark: _Toc511638184][bookmark: _Toc511494300][bookmark: _Toc511638187][bookmark: _Toc511494301][bookmark: _Toc511638188]All of the chemicals used in this study were purchased from available chemical vendors with analytical grade. ([Cu(NO3)2.3H2O]>95%)and ([Fe(NO3)3.9H2O]> 99%)were used as aqueous cation precursor solutions for Cu+ and Fe3+respectively,([NaOH]> 93%)was used as anion precursor solution, ([ZnO]> 99%)was used as substrate,[methylene blue, C16H18ClN3S]>1%)was used as a dye anddistilled waterwas used for rinsing and solution preparation.
3.2 [bookmark: _Toc492014208][bookmark: _Toc492013144][bookmark: _Toc515029048]Apparatus and instruments
[bookmark: _Toc497279805][bookmark: _Toc499092993][bookmark: _Toc511494303][bookmark: _Toc511638190][bookmark: _Toc492014210][bookmark: _Toc492013146]Centrifuge for filtration purpose, furnaces for annealing, distiller,electronic balance, magnetic stirrer, hot plate,mortar,XRDdiffractometer, FTIR spectrometer, UV/vis spectrometer, water bath,thermometer,different size volumetric flasks, micropipettes, beakers and other necessary apparatus were used for accomplishment of this work.
3.3 [bookmark: _Toc515029049][bookmark: _Toc513796286][bookmark: _Toc511494305][bookmark: _Toc511638192]Synthesis of CuFeO2 on ZnO nanoparticles
[bookmark: _Toc513796287]In this experiment all the chemicals used are of analytical grade and used without further purification. Commercial ZnOwas used to grow CuFeO2 nanoparticle. 0.1M of[Fe(NO3)3.9H2O]and [Cu(NO3)2.3H2O] (1:1 ratio) were prepared as Fe3+ and Cu+ precursor solution respectively. 0.2 M of[NaOH]was prepared as anionic precursor solution. Initially 2 g of ZnO and 30ml of [Fe(NO3)3.9H2O]solution were added in to 50ml beaker under magnetic stirring for 5 min whichleads adsorption of Fe3+ ions onZnO surface and centrifuged for separation. Thenit was rinsed with distill water to remove loosely bound Fe3+species and centrifuged, then 30 ml of anionic precursor (NaOH) solution was added into 50 ml beaker under  magnetic stirringandwas heated at (45-48°C)for 5 min resulting theformation of Fe(OH)3 on ZnO surface and centrifuged.Then it was rinsed with distill water to remove loosely bound Fe(OH)3species and centrifuged which is called one SILAR cycle and this cycle was repeated up to six cycles.
[bookmark: _Toc514181683][bookmark: _Toc514359829][bookmark: _Toc515029050][bookmark: _Toc492014209][bookmark: _Toc492013145]The same procedure were followed to form Cu(OH)2 on Fe(OH)3/ZnO using [Cu(NO3)2.3H2O] precursor solution. Then the produced Cu(OH)2/ZnO/Fe(OH)3 was driedat room temperature for 24 hoursand was grained for homogenizing. Then the grained powder was placed in an electric furnace at 400, 450, 500, 550 and 600°C for 2 hours in air and was removed from the furnace to be cooled down to room temperature.
3.4 [bookmark: _Toc514359830][bookmark: _Toc515029051]Characterization of CuFeO2/ZnOnanoparticles
[bookmark: _Toc514359831][bookmark: _Toc515029052][bookmark: _Toc513796289][bookmark: _Toc514181685][bookmark: _Toc492014211][bookmark: _Toc492013147]The prepared nanoparticles was characterized by X-ray diffraction (XRD)studies using X-ray diffractometer (Bruker, D-8 Advance) with Cu target Kα radiationof wavelength λ=1.5406 Å,on the instrument operating at a voltage of 40 kV and a current of 30 mA) radiation over a 2𝜃 collection range of 10–80°to obtain crystallinephase information. The vibrational frequency of CuFeO2/ZnO nanostructure was analyzed using Fourier transform infrared spectroscopy (FTIR) in 400-2000 cm−1region.FTIR measurement was performed with pressed pellets made using potassium bromide (KBr) powder as diluent. The optical properties were studied through absorbance measurements by UV/vis spectrophotometer by recording the spectra over the 200–800 nm range.
3.5 [bookmark: _Toc515029053]Measurements of photocatalytic activities
The photocatalytic activities of synthesized CuFeO2/ZnOphotocatalyst were evaluated through timedependent photo-degradation of MB solution as a model pollutant under 100 W lamps for 60 min. In a typical photocatalytic activity measurement, 0.05 g of CuFeO2/ZnOpowder was dispersed in 250 mL of MB solution (40 ppm) under magnetic stirring. Before light irradiation, the suspensions were magnetically stirred in dark for 30 min for adsorption of MB over the photocatalyst surface. Then, the photoreaction vessel was exposed to 100 W lamps under ambient conditions and was stirred. With10 min intervals, 10 ml of the suspension was collected and centrifuged for 5 min to remove the remnant photocatalyst. UV/vis spectrometer recording the spectra over 200–800 nm range was used for the determination of MB concentration to follow its kinetics of disappearance. 


3.6 [bookmark: _Toc515029054]Trapping experiment

In order to have insights into the photocatalytic mechanism of the CuFeO2/ZnOnanocomposite system, trapping experiments were conducted to elucidate the reactive radicals involved in the reaction processes of MB degradation by introducing different trapping agents such as silver nitrate, ethylene diamine tetra-acetic acid and isopropyl alcohol. They were introduced into to the degradation process to trap electrons (e−), holes (h+) and hydroxyl radicals (·OH) respectively.Allof these trapping agents were prepared in 5 mmol concentration. The detailed experimental protocol was the same as for the photo degradation experiments as discussed above.














CHAPTER FOUR
[bookmark: _Toc515029055][bookmark: _Toc513796292]RESULTS AND DISCUSSION
In this section, presented the results obtained and the discussion we made for the synthesis of CuFeO2 on ZnO by SILAR method, its characterization using spectroscopic techniques (XRD, FTIR and UV/vis) and photocatalytic activity of the synthesized CuFeO2/ZnO for degradation of methylene blue.
A) [bookmark: _Toc513796293]XRD studies
The formation of CuFeO2onZnO was observed with X-ray diffraction patternat different temperatures 400-600 °C for 2 hours in airas shown in fig. 5.The results obtained shows similar patterns at all temperatures but, the intensity of the peak increases as temperature increase from 400 to 600°C which is due to increasing the crystalinity of the nanoparticles. This indicatesbetter crystalline phase of CuFeO2 is formedat annealing temperature of 600°C.The XRD results show the peaks at 2θ =30.24°, 35.98°, 43.92°, 49.08°, 55.18°, 61.21°, 70.18° and 72.78° which are the diffractions from CuFeO2 based on standard crystallographic data (JCPDS # 85-0605).The characteristic peaks we have obtained for CuFeO2are in good agreement with previous experimental findings[57, 58].We have also obtained the peak at 2θ=38.9° which is the diffraction from CuObased on standard crystallographic data (JCPDS card # 75-2146). Similarly,we haveobtained thepeak at 2θ =35.7° dueto thediffraction from Fe2O3based on standard crystallographic data (JCPDS card # 89-0597). Moreover, the peaks at 2θ =48.89°, 53.43°and 66.39° are diffractions from CuFe2O4based on standard crystallographic data (JCPDS card #34–0425). Furthermore,we have the peaks at 2θ =31.85°, 34.55°, 47.5° and 67.92° are the diffractions from ZnObased on standard crystallographic data(JCPDS card # 79-2205).The broad nature of the diffraction peaks of the CuFeO2 suggests the nanocrystalline nature of the material.Residues of CuFe2O4, CuO and Fe2O3wereobserved as impurities. The phase diagram of the bulk Fe–Cu–O ternary system when CuO and Fe2O3 react in air, favorably form CuFe2O4.Also pure delafossite type CuFeO2 is converted from spinel type CuFe2O4 with residual CuO[59].

The impurities CuFe2O4 andCuOare observed due to the presence of oxygen from air because the reaction of CuFeO2with oxygen leads CuO and CuFe2O4.CuFeO2 powder requires intermediate regrinding during calcination in an oxygen-free atmosphere, such as nitrogen gas [60, 61].The result obtained in this study indicates that the desired CuFeO2 is synthesized.
The crystallite size (D) of CuFeO2 nanoparticleswas calculated from the full-width at half-maximum from XRD patterns by using Debye Scherer equation [58].

where D is the crystallite size, λ= 0.15406 nm which is the wavelength of the X-ray for Cutarget Kα radiation, β is the peak width at halfmaximum of an XRD, and θ is theBragg diffraction angle. The most intense peak in the XRD patterns was used to calculatethe crystalline size. The crystalline sizeof CuFeO2 nanoparticle is 22.59 nm.
[image: ]
Figure5.XRD patterns of CuFeO2prepared on ZnO(a) at 400-600 °C andZnO and (b) at 600 °C for 2 hours in air.




B) FTIR studies
The FTIR spectrum of mixed phase formation of coupled CuFeO2/ZnOnanoparticlesand the metal oxide bond present in the compound was analyzed in therange 400-2000 cm−1as shown in fig. 6. The FTIR spectrum shows a significant band in the range 1635-1530 cm-1 which indicates the presence of hydroxyl residue which might be due to the atmospheric moisture. The peak in the range1340-1390 cm-1indicates the presence of Cu-Fe bond. The peak ~530 cm-1 correspond to the presence of Fe-O bond stretching[62] and the peak~420 cm−1 indicate the characteristic stretching mode of Zn-O[63]. The result we have obtainedindicates the presence of Cu-Fe-O bonding system.
[image: C:\Users\DELL\Documents\Origin User Files\ plots\FTIR final 15.tif]
Figure 6. FTIR spectrum of (a) ZnO and (b) coupled CuFeO2/ZnO nanoparticles.




C) UV/vis absorption study
The optical absorption spectra of the synthesized photocatalyst CuFeO2/ZnOnanoparticleweremeasured using UV/vis spectrometer in the range 200–800 nm.UV/vis absorption spectrum primarily represents the available change in the energy band gap. The UV/vis absorption spectra shows remarkably enhanced visible light absorption property of CuFeO2/ZnOas shown in fig. 7a.ZnO exhibit absorption spectra in UV region with energy band gap 3.2 eV[64], butwe synthesizedCuFeO2/ZnO nanoparticles which have absorbance in the visible regionwith energy band gap 2.0 eV.The result we have obtained indicates CuFeO2, has favorable optical band gap energy and is suitable for enhancing visible light absorption of ZnO.
The band gap energy (Eg) of CuFeO2/ZnO nanoparticleswas analyzed by Tauc’s method which can be expressed as,

whereh is the Planck constant, v is the frequency of irradiation light, α is the absorption coefficient and m is 1/2or 2 for direct and indirect allowed transitions respectively. The x-intercept of the tangent to the Tauc plot (αhν)2versushv gives a good approximation of the bandgap energy for this direct bandgap material.The optical direct band gap of CuFeO2/ZnO nanoparticleswas estimated to be 2.0eV by extrapolating the straightportion of the curve as shown in fig.7b. This indicates that after coupling of ZnO (3.2 eV) with CuFeO2which have a band gap of 1.95 eV the band gap of CuFeO2/ZnO is 2.0 eV. Therefore band gap of ZnO is modified from 3.2 to 2.0eV. 
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Figure7.(a) UV/vis spectrumand(b) optical energy band gapofCuFeO2/ZnO nanoparticles and (c) optical energy band gap of ZnO.
D) Photocatalytic activity measurements
The photodegradation of MB under simulated light was studied by measuring the decrease in the absorbance of the MB in the presence of synthesizedCuFeO2/ZnOphotocatalyst. The photocatalytic degradation curves of MB with CuFeO2/ZnOphotocatalystdecreases with increasing in time of exposure, indicating a decrease in the concentration of MB dye oroccurring of MB degradation. This is because of the enhanced visible light absorption property of ZnO after coupling with CuFeO2 as shown in fig.7a, which results the generation of large number of charge carriers. The generation of the large number of charge carriers is due to high intensity visible light absorption which makes it most effective with maximum efficiency. Many literatures have been concluded that reducing the probability of charge carrier recombination rate is one the most significant factor that determines the photocatalyticefficiency.
The catalyst degradation efficiency (degradation rate) was calculated using [65],

where and C are the initial and the final concentrations and Ao and A are the initial and final absorbance of organic pollutants respectively.
CuFeO2/ZnO nanoparticle shows 85.6 % degradation of MB solution in 60 min, and owns the excellent photocatalytic performance in comparison with commercial ZnOas reported by previous reports which hasdegradationefficiency as shown in table1 below. The photocatalytic experiments reveal that the coupled CuFeO2/ZnO significantly enhances the photocatalytic activity of ZnOphotocatalyst.The high photocatalytic performance of the CuFeO2/ZnO nanoparticle is mainly attributed to the large specific surface area, small crystal size and enhanced visible light absorption capacity due to coupling of CuFeO2 onZnO. Almost total disappearance of the color of MB was observed within 60 min, which indicates CuFeO2/ZnO nanoparticle can efficiently degrade MB dye.
[image: ]
Figure 8.Photocatalytic degradation profiles of MB (a)with and (b) without CuFeO2/ZnOphotocatalyst under light irradiation.
Table 1: Comparative study on catalytic efficiency and time taken for degradation of different dyes in the presence of bareand modified ZnOphotocatalyst under visible light irradiation.
	System
	Dye
	% Degradation
	Time taken for
degradation (min)
	References

	ZnO
	Eosin red  Malachite green
	73
67.65
	60 
	[66]

	Cu-doped ZnO
	Methylene blue
	 90
	480 
	[67]

	ZnO
	Methyl orange 
	70
	90
	[68]

	Commercial ZnO
N-doped ZnO
	Malachite green 
	52
80
	120
90
	[69]

	ZnO/reduced graphite oxide
	Methylene blue
	88
	260 
	[25]

	CuFeO2/ZnO
	Methylene blue
	85.6
	60
	Present work


E) Kinetics forphotocatalytic degradation of methylene blue dye
The kinetics of degradation of MB under light irradiation on the catalyst surface was studied by plotting ln(Co/C) versusreaction time.The observed kinetic data shows a linear correlation of the ln(Co/C)versustime as depicted in fig. 9whichfits with the pseudo first-order reaction kinetic model.
The rate constant of photo degradation was calculated with the expression given below[38, 70]:

where k is the rate constant (min−1), Co is the initial concentration of target dye and C is the concentration of MBat time t.From the linear fitting curves of ln(Co/C) versus irradiation timethe MB degradation rate constant k was calculated to be 2.910-2 min−1.
[image: C:\Users\DELL\Documents\Origin User Files\ plots\lnnnnnnn.tif]
Figure 9.Linear kinetic simulation curves of MB usingCuFeO2/ZnOphotocatalyst under light irradiation.
F) Trapping of active species
In order to have insights into the photocatalytic mechanism of the CuFeO2/ZnOnano-composite system,trapping experiments was conducted by introducing different trapping agents to elucidate the reactive radicals involved in the reaction processes of MB degradation. It can be clearly observed from the bar graphs that with the addition of EDTA and IPA, the % degradation of MB drops to 11.5 and 60.3% respectively indicating the major role is played by hydroxide radical (˙OH) and hole (h+). Moreover, in the presence of AgNO3, the % degradation obtained was almost the same as that in absence of scavenger (around 85.3%) indicating that electrons (e-) are not the active species in photocatalytic degradation of MB. Thus from the results we obtained, we can conclude that the hole is the most active species which plays a vital role in the degradation of MB.
[image: C:\Users\DELL\Documents\Origin User Files\ plots\trap final 5.tif]
Figure 10.Photocatalytic degradation of MB over the CuFeO2/ZnOalone and in the presence of different scavengers (i.e., AgNO3, EDTA and IPA).








CHAPTER FIVE
[bookmark: _Toc514359835][bookmark: _Toc515029056]CONCLUSION AND RECOMENDATION
5.1 Conclusion
In the present study, we have reported the successful synthesis of visible light harvested CuFeO2/ZnOnanoparticles by usingSILAR method at room temperature.The structural characterization of CuFeO2/ZnOnanoparticles has been done by analyzing the results obtained from XRD, FTIR and UV/visspectroscopic measurements. The results obtained using the XRDindicates that the desired CuFeO2/ZnO nanoparticles were synthesized with crystalline size (D) of 22.59 nm. The results obtained from FTIR spectrum shows the peak in the range of 1340-1390 cm-1, at ~530 cm-1 and at ~420 cm-1 which corresponds for Cu-Fe, Fe-O and Zn-O bond stretching, respectively. Similarly, the result obtained fromUV/vis measurement indicates a red shift in the absorption spectra of ZnO from ultra-violentto visible region due to coupling of CuFeO2 on ZnO nanoparticles.The photocatalytic applicability ofCuFeO2/ZnO nanoparticle as visible light driven photocatalystfor the degradation of organic dyes has been estimated using MB as test pollutants as a function of time. This result demonstrates the presence of CuFeO2/ZnOnanoparticleenhances the photocatalytic degradation of MB dye. In this study, we have obtained 85.6 % degradation of MB in 60 minutes of irradiation time by using CuFeO2/ZnO nanoparticles and this result is higher than the percent degradation of MB obtained by other researchers using ZnO. The improvement of the photocatalytic efficiency for the CuFeO2/ZnO nanoparticlecan be attributed to the presence of the CuFeO2. Furthermore, the trapping experiment was carried out using different scavengers for active hole (h+), electron (e-) and hydroxide radical (˙OH) species. Among the active species, hole is the most active specie which plays a vital role in the degradation of MB.




5.2 Recommendation
As recommendation, the SILAR method we used in this research work can be further used to synthesize other metal oxide compositesand these materials will find great potential applications in the degradation of organic pollutantsfrom wastewater. The photocatalytic efficiency of ZnO can be enhanced by coupling with narrow band gap semiconductors.
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