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PREFACEThe present work deals with the synthesis, characterization and photocatalytic studiesof undoped and doped ZnO and CeO2 nanoparticles (NPs). The entire work is dividedinto six chapters.
Chapter 1 includes the background of nanomaterials and their unique properties. Itdescribes the need of waste water treatment and different types of techniques involvedin this treatment process. Role of semiconductor photocatalyst and mechanism behindthe degradation of organic pollutants are discussed in detail. Various parameters liketechniques used for modulation of valance band and conduction band, effect ofadsorption and pH, source of radiations, charge carrier trapping, photocatalyst size andquantum confinement effect, which affect the efficiency of photocatalyst, are describedin this section. Further, the synthesis of nanoparticles, methods to prevent theiragglomeration and to stabilize them by various methods has been discussed in detail.
In Chapter 2 details of literature pertaining to ZnO and CeO2 nanoparticles and theirunique properties has been described. Various synthesis routes for fabrication ofundoped and doped ZnO and CeO2 nanomaterials have been given. The photocatalyticproperties of these nanomaterials have been described. Various parameters whichaffect the photocatalytic efficiency of these nanomaterials like types of irradiations,irradiation time, dopant, effect of doping concentrations, capping, morphology, pHnature of dye solution, photocatalyst dosage, variation in dye concentrations, have beendiscussed in this chapter. Also, the effect of photodegradation efficiency of thesenanomaterials with alteration in photoluminescence intensity with capping and dopinghas been illustrated.
Chapter 3 describes the details of the chemicals used and synthesis procedure adoptedto prepare undoped and doped ZnO and CeO2 nanoparticles. Procedure followed tosynthesize NPs at different pH is also discussed. Various characterization techniquesused to characterize NPs has been described. The set-up of photochemical reactor andthe procedure for photocatalysis of organic dyes has been discussed. At the end of thechapter brief introduction about the pollutants selected for photocatalytic study isprovided.
Chapter 4explains the study of doped ZnO nanoparticles (NPs) synthesized by co-precipitation method. Various techniques viz. X-ray diffraction (XRD), transmissionelectron microscopy (TEM), energy dispersive spectroscopy (EDS), UV-Visiblespectroscopy, photoluminescence (PL) emission and excitation spectroscopy has beenemployed to characterize as synthesized doped and capped NPs. Photocatalyticefficiency of synthesized NPs has been studied by evaluating the degradation of crystalviolet (CV) dye under UV-Visible irradiations. Further the effect of pH has also beenstudied in detail. Here it is important to mention that the pH of NPs has been adjustedduring synthesis only.
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Chapter 5 describes the study of doped CeO2 (ceria) nanoparticles (NPs) synthesized byco-precipitation method. Various techniques has been employed to characterize assynthesized doped and capped NPs. Photocatalytic efficiency of synthesized NPs hasbeen studied by evaluating the degradation of rhodamine B (RhB) dye under UV-Visibleirradiations. Further the effect of pH has also been studied in detail.
Chapter 6 summarizes the results obtained from various experiments discussed inprevious chapters. Effect of morphology, capping agent, dopant and dopingconcentration, irradiation time and pH of the synthesized NPs (pH adjusted duringsynthesis) has been summarized. Results obtained from doped and capped ZnO NPs hasbeen concluded. The results obtained from the doped CeO2 NPs have been alsosummarized. Based on the results obtained from the present work, some suggestionshave been provided at the end of the chapter to carry out more work in this field.
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CHAPTER 1

INTRODUCTION

Overview

The present chapter describe about background of nanomaterials and their unique properties.

It describes the need of waste water treatment and different types of techniques involved for

this treatment process. Role of semiconductor photocatalyst and mechanism behind the

degradation of organic pollutants are discussed in detail. Various parameters like techniques

used for modulation of valance band and conduction band, effect of adsorption and pH,

source of radiations, charge carrier trapping, photocatalyst size and quantum confinement

effect, which affect the efficiency of photocatalyst, are described in this section. Further, the

synthesis of nanoparticles, methods to prevent their agglomeration and to stabilize them by

various methods has been discussed in detail.
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1.1 Background

The potential of science and technology on nanoscale has been recognized all over the world

for their impact on industrial output. A semiconductor nanocrystal is an emerging area of

nanoscience and their unique properties have attracted great attention by researchers during

last two decades. Nanoscience is the science that relates to objects with at least one

dimension between one and one hundred nanometers in length [1]. Nanotechnology is the

application of nanomaterically organized materials owning attractive properties compared to

conventional materials at significantly reduced dimensions. Nanotechnology is gaining its

application beyond research stage to its commercial use after more than twenty years of basic

and applied research [2-4].Main objective of nanotechnology is to control the size of particles

in such a way where sharp transitions in basic properties as compared to bulk are observed.

Nanoscale materials show behavior which is intermediate between macroscopic and an

atomic or molecular system from which they are composed of. Compared to bulk materials,

nanomaterials possess enhanced performance properties when they use in similar

applications. Due to their reduced dimension and increased surface area, these materials

possess new physical and chemical properties which are distinctively different from their

bulk counterparts. Nanoparticles are supposed to have nearly half of their atoms contained in

top two monolayers, which make optical properties highly sensitive to surface morphology.

Control over the structure and movement of electrons and holes has been of special

importance for low dimensional optonics and photocatalysis. In semiconductor

nanomaterials, when the dimension of material is comparable or smaller than the Bohr radius

of exciton the absorption edge is blue-shifted from the bulk bandgap. In transition

metalnanoparticles, the increase in the surface-to-volume ratio makes them useful as

photocatalyst with high surface reactivity and selectivity.

1.2 Need of waste water treatment

With increasing diversity in industrial products environmental problems related to industrial

effluents are becoming more and more complex. The residual dyes originates from different

sources like textile industries, pharmaceutical industries, bleaching industries, dyeing, paper

and pulp industries etc. introduces a variety of organic pollutants into natural resources of

water. Water contamination due to hazardous water soluble organic chemicals and dyes pose

a severe threat to environment and excess azo dyes effluents are usually resistant to

biodegradation. These organic chemicals and dyes are stable and contain large degree of

organics which cause severe ecological problems by depleting the dissolved oxygen of water
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and release toxic compounds that are harmful for aquatic life. Increase in population and

industrialization has also increase the demand of water for household, industry utilization

purpose and for general ecosystems. In developing countries, freshwater scarcity is already in

reality. The United Nations has predicted that two-thirds of world’s population will live in

water-scarce regions by 2025 [4]. Also to fulfill the increased demand of food due to increase

in global population, lots of pesticides and herbicides are used in agriculture to increase the

production which further affect the quantity and quality of fresh and clean water. The

environment regulations are becoming stringent with time to keep the environment friendly

for all living beings. Thus, it is the necessity of the day to develop effluents treatment

methods to remove harmful chemicals and undesirable color from water. An ideal treatment

process for water purification should have a capability to remove all toxic organic

components and mineralize it completely without leaving behind any harmful by-products.

Scientists and researchers are trying to develop new or improving the existing water

purification process to overcome the water pollution problems.

1.3 Technologies for color removal

As the wastewater containing dyes are resistant to aerobic digestion, recalcitrant organic

molecules and is very stable to light. It is very difficult to efficiently decolorize the synthetic

dye containing wastewater because of their high cost and disposal problems at large scale in

various types of industries. There are various methods of treatments to purify contaminated

water like biological, thermal, mechanical, chemical or physical treatments or their

combinations. Figure 1.1 illustrates the different wastewater treatment methods which are

currently in use. Each of these water treatment methods has their own drawbacks. Air

stripping process (ASP) and Granular activated carbon (GAC) adsorption are the part of

phase transfer process. In air stripping process volatile organic pollutants for aqueous

medium is merely transfer from water phase to air phase. It do not destroy the pollutants

completely. Also GAC adsorption is used to remove the organic pollutants from wastewater

and the spent carbon must be either regenerated or incinerated which convert adsorbed

pollutants to innocuous by-products. Biological treatments are also an alternative to other

treatments for decolorization and degradation of azo dyes. But they required very large land

area and have less flexibility in design and operation. Further biological treatment is

incapable of obtaining satisfactory color elimination and also due to their xenobiotic nature

azo dyes are not totally degraded [6]. Chlorination, ozonation and advanced oxidation process

(AOP) are the parts of chemical process. Chlorination is water disinfection process but it may
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form trihalomethane toxic disinfection by-product. So, it is not very much suitable for water

purification treatment. Ozonation is supposed to be better alternative to chlorination process

as it avoids the formation of disinfection by-products. Disadvantage of ozonation is its short

life and its stability is affected by the presence of pH, salts and temperature. Careful

monitoring of pH is necessary because ozone decomposition is fast in alkaline medium. Cost

is also one of the major drawbacks because continuous ozonation is required due to short

half-life [6]. However, it has recently discovered that ozone can generate cancer causing

agent. Thus all these processes have their own limitations. Recently developed new

technology called Advanced Oxidation Process (AOP) has been considered to be better for

waste treatment process as compared to traditional methods. In AOP, short-lived oxygen

containing intermediates has been generated such as hydroxyl radical (OH·) and superoxide

anion free radical (O2
·-). These are highly reactive and strong oxidizing agents.

Figure 1.1: Different waste water treatment methods currently in use.

Some of other oxidants such as H2O2 or O3have been also used along with ultra-violet (UV)

light radiations to produce highly reactive species to oxidize substances like organic

molecules and pesticides. Large number of organic molecules and pesticides can be easily

oxidize using AOP which are difficult to treat in other traditional methods discussed above.
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1.4 Photocatalysis for waste water treatment

In order to decontamination of waste water it is necessary to adopt more effective reactive

systems than the conventional purification processes. Among all AOP processes

heterogeneous photocatalysts has high efficiency in degrading wide range of organic

contaminants into mineral acids, CO2 and water [7]. Photocatalysis is defined as a chemical

reaction induced by photo-absorption of a solid material which remains chemically

unchanged during and after the reaction. In other words the solid acts catalytically without

any change in structure or composition under photo-irradiations. Photocatalysis is different

from other AOPs because it require light radiations and reusable catalyst without any need of

other strong oxidants to generate oxidizing agents like OH· to proceed degradation of

complex organic compounds. The hydroxyl radicals can destroy any organic contaminant

present in water they can destroy even those pollutants which are characterized by high

chemical stability and difficult to mineralized. In photocatalysis solar light is also use for

degradation process. The advantages of photocatalysis over other conventional treatment

methods are as follows:

1. Almost all organic pollutants in wastewater can be minimized.

2. This process is environmental friendly because the byproducts obtained after degradation

of organic pollutants like CO2, mineral acids etc.are not harmful.

3. External strong and expensive oxidants are not required to generate oxidizing agents for

degradation process.

4. Ambient operating conditions, complete degradation of organic pollutants and their

intermediate compounds, low operating cost, stability, non-toxicity, insoluble under most

conditions, reusable and chemically inert in nature [7].

5. UV, UV-Visible and Visible radiations are used for photocatalyst activation so as to

generate strong oxidizing agents for initiation of redox reactions in aqueous medium [8].

A photocatalytic degradation reaction is mainly based on the irradiation of semiconductor

particles by light radiations which have energy equal to more than the band gap

energy(energy gap between upper level of valance band and bottom of conduction band) of

the semiconductor. Upon irradiation of the semiconductor by a suitable light, holes and

electrons will generate within the semiconductor. These so generated positive holes and

electrons on reaction with H2O generates strong oxidizing agents like hydroxyl radical (OH·),

superoxide anion radical (O2
-·) to oxidize the adsorbed organic and inorganic compounds.
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In the past few decades, semiconductor photocatalysis considered as ‘green approach’ has

received great attention due to its intriguing advantages in water purification, air purification

and self-cleaning surfaces.

1.5 Semiconductor photocatalysts

Semiconductor photocatalysis has been considered as a green approach and is particularly

used for photocatalytic process because of its favorable combination of electronic structure,

non-selectivity, low temperature and non-energy intensive approach for complete

mineralization of complex organic and inorganic water pollutants. In semiconductors, the

valance band (VB) is an electron filled band and conduction band (CB) is completely vacant.

The energy gap between the upper level of VB and lower level of the CB is called forbidden

gap or bandgap (Eg). An electron is excited from VB to CB by photo-irradiations of energy

equal to or greater than bandgap energy. The bandgap is different for different

semiconductors so the excitation energy for electron from VB to CB is different for different for

semiconducting materials. However the CB is partially filled therefore the electron can move

freely through the lattice of the semiconductor. On the other side, the resulting vacancy

created due to excitation of electron can move freely in the VB which is partially filled now.

The process of excitation of electron and thus creation of electron and hole is shown in Figure

1.2.

Figure 1.2: Generation of electron-hole pair in semiconductor materials.

The process of photocatalysis is mainly divided into two categories depending upon initial

excitation. In the first case photoexcitation takes place in an adsorbate (dye molecule). The

nanoclusters act as a mediator for charge transfer. This process is referred as catalysed



Chapter 1 Introduction Page 7

photoreaction. Figure 1.3(a) shows the mechanism of catalysed photoreaction. In second

case, charge-separation in semiconductor nanoparticles occur when light excite their

bandgaps. Photogenerated electrons and holes pairs are capable of oxidizing/reducing

adsorbed substrate. This process is referred as sensitized photoreaction. Figure 1.3(b) shows

sensitized photoreaction mechanism [9].

Figure1.3: Catalyzed photoreaction, (a) catalyzed photoreaction (b) sensitized photoreaction
[9].

1.6 Heterogeneous photocatalysis

Unlike metals, semiconductors possess a void energy region where no energy levels are

Figure 1.4: Schematic photoexcitation in a solid semiconductor [9].
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available to promote recombination of an electron and hole produced by photo-activation in the

solid. The void region extends from the top of the filled VB to the bottom of the vacant CB is

called the bandgap. Once excitation occurs across the bandgap there is a sufficient lifetime for

the created electron-hole pair to undergo charge transfer to adsorbed species on the

semiconductor surface. If the semiconductor remains intact and the charge transfer to the

adsorbed species is continuous and exothermic in nature, the process is termed heterogeneous

photocatalysis. The generation of electron-hole pairs is an initial process for heterogeneous

photocatalysis of organic and inorganic compounds by semiconductor particles. The enlarge

section of Figure 1.4 represent the excitation of electron from VB to CB initiated by light

absorption having energy equal to greater than bandgap energy of the semiconductor material.

The concentration electron-hole pairs in semiconductor particle depend upon the intensity of

incident radiations and their recombinations.

Upon excitation, the fate of the separated electron and hole can follow several

pathways. Figure 1.4represents some of the de-excitation pathways for the electrons and

holes in semiconductor. The photo-excited electron transfer to adsorbed organic or inorganic

species results from migration of electrons and holes to the semiconductor surface. The

electron transfer process is more efficient if the species are pre-adsorbed on semiconductor

surface [10]. While at the surface, semiconductor can donate electrons to reduce an electron

acceptor which is usually oxygen in an aerated solution (pathway C). On the other hand hole

can migrate to the surface where an electron from a donor species can combine with the

surface hole oxidizing the donor species (pathway D).The probability and rate of the charge

transfer processes for electrons and holes depends upon the respective positions of the band

edges for the CB and VB and the redox potential levels of the adsorbate species. Also,

electron and hole recombination is in competition with charge transfer to adsorbed species.

Recombination of the separated electron and hole occurs in the volume (pathway B) or on the

surface of the semiconductor particle (pathway A)with the release of heat. The

photogenerated charge carriers, which migrate towards the surface of the photocatalyst,

participate in various redox reactions with adsorbed species such as water, oxygen and other

organic and inorganic species. Various redox reactions participated by photogenerated charge

carriers due to excitation of photocatalyst are as follows:

Photocatalyst + hν  e + h ……….. 1.1OH + h  OH. ……….. 1.2H O + h  OH. +   H+ ……….. 1.3
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O2 + e  O. ……….. 1.4O. + e +  2H+  H2O2 ……….. 1.5

2O. + 2H+ O2 + H2O2 ……….. 1.6

H2O2 + e OH + OH. ……….. 1.7

The resulting OH- and O. species are strong oxidizing agents and they help in mineralization

of organic and inorganic pollutants in waste water [11].The recombinations of electron-hole

pair generated should be very small for effective degradation of adsorbed organic or

inorganic compounds on the surface of photocatalyst. There are various factors which affect

the efficiency of photocatalytic process and are discussed below.

1.6.1 Energy band configuration

Nanomaterials have emerged as pioneering photocatalysts. Nanomaterials can provide

abundant surface states, diverse morphologies and large surface area.

Figure 1.5: Band-edge positions of semiconductor photocatalysts relative to the energy levels
of redox couples in water [12].

Most important property for effective photocatalysis is its energy band configuration. It

determines the absorption of incident photons, photoexcitation of electron-hole pairs,

migration of charge carriers and the redox capabilities of the photogenerated charge carriers

[12]. For thermal requirement, the potential level of acceptor species must be below (more

positive) the semiconductor CB potential to accept the electron donated by the semiconductor

and that of donor species needs to be above (more negative) the VB potential of the
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semiconductor to donate an electron to the vacant hole [9]. The band edges of various

semiconductor photocatalysts are presented in Figure 1.5.Band edge positions of

semiconductor photocatalysts shown in Figure 1.5 are at pH=0. Here it should be noted that

the band edge positions of the various semiconductors also influenced by pH of an electrolyte

solution as compared to redox potentials of the adsorbate.

1.6.2 Modulation of valance band and conduction band

Since the energy band configuration directly affects the photocatalytic efficiency of a

semiconductor photocatalyst and the direct and narrow band gap semiconductors are more

likely to exhibit high absorbance of low energy photons. But the disadvantage of these types

of semiconductor is the high recombination probability of photo-excited electron-hole pairs

and the band edge positions are incompatible with electrochemical potential that is necessary

to commence photocatalytic reactions. In most of metal oxide semiconductors, the VB

maxima are significantly positive with respect to water and CB minima are slightly negative

than reduction potential of water. Also the inter-particle electronic coupling of semiconductor

materials is effective for reconstruction of energy band and bandgap narrowing [13].

Therefore in order to modulate VB band edge positions in precise manner, three techniques

are proved to be most effective. These involve doping with 3d-transition elements, cations

with d10 or d10s2 configurations and non-metal element.

Earlier sensitizing of metal oxide semiconductor to visible light by doping with 3d-transition

elements attracted considerable attention [14-16].Theoretical studies based on ab-initio band

structure calculations showed that the increase in dopant atomic number shifts the localized

3d levels to lower energy. Thus, the split 3d states can mix with the CB or VB, and can insert

a new band into the original bandgap [17].However, doping with 3d-transition elements can

have two critical disadvantages which restrict its applicability. Firstly, foreign elements

introduce considerable bulk defects and thus increase the recombination probability of

photogenerated electron-hole pairs. Secondly, the localized d-states in the electronic structure

suppress the migration of charge carriers. Doping of cations with d10 or d10s2 electronic

configurations such as Ag+, Pb2+ and Bi3+ in metal oxides can introduce occupied d or s-states

into the VB [18-20]. Hybridization of these d/s states with oxygen 2p states contributes to an

up-shift of the top of the VB and therefore to a narrowing of the bandgap. The other strategy

used to raise the VB maximum of metal oxide semiconductor is to introduce different anions

on the O sites by doped with N, C, B and S [21-24]. However, very small enhancement in

light absorption has thus far been obtained. With N-doping, the light-absorption edge remains
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almost the same as in the undoped material and doping with C, B and S narrows the bandgap

by less than 0.3 eV. Because the level of the CB is closely related to the capability of

reducing H2O and O2 and therefore the CB modulation also receive attention. When the CB is

at a suitable level, photoexcited electrons in the CB can reduce H+ to produce H2 or combine

with O2 to form oxidative •O2
− radical for water splitting and the elimination of organic

contaminants. It should be noted that the level of the CB determines whether these reactions

can proceed and how efficient these processes are. Therefore, adjustment of the CB should be

performed carefully. The substitution of alkali metal or alkaline earth metal elements lower in

the periodic table is known to be effective in lowering the minimum of the CB [25-26].

Doping is done to achieve modulation in band gap of the photocatalyst. The dopants form

their own energy band in energy gap of host photocatalyst and thus reduce the effective band

gap. Narrow band gap semiconductors are more likely to exhibit high absorbance of low

energy photons. Thus the doping increases the photocatalytic activity by scavenging electrons

that reduce the recombination and favors the formation of OH∙ which could enhance the

photocatalytic process.

The mechanism of photocatalytic activity on ceria is a subject under exploration. The

expected reasons revolve around their high oxygen storage capacity (OSC) which is due to

the multivalent nature of cerium and the high mobility of the oxygen vacancies at the surface

of the materials. The shift between Ce (III) and Ce (IV) states leads to a high oxygen mobility

in ceria lattice, which in turn can lead to its enhanced photocatalytic activity. The formation

of oxygen vacancies results due to decrease in oxygen contents in cerium oxide. The oxygen

vacancies increase with rise in Ce3+ fraction in ceria lattice in order to maintain

electroneutrality. Oxygen vacancies reduce the electron-hole recombinations and thus help to

enhance the photocatalytic activity of the photocatalyst.

1.6.3 Effect of adsorption and pH

Photocatalytic degradation of organic compounds varies with adsorption of organic

compounds over photocatalyst surface. Also adsorption affects the mechanism involved in

degradation process. Adsorption directly linked with the surface charge of organic compound

and photocatalyst surface. Adsorption varies with concentration of organic compounds, pH of

dye and the photocatalyst and loading of photocatalyst. Initially with increase in dye (organic

compound) concentration, the degradation increases. But increasing the concentration of dye

molecule beyond the optimum limits the degradation starts decreasing. Because as the dye

concentration increases the number of photons approaching the photocatalyst surface
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decreases due to decrease in exposed area of photocatalyst. Which further reduce the

generation of electron-hole pairs and hence reduces the formation of strong oxidizing agents

required for degradation of dye molecule. Adsorption can also be modulated by varying the

pH of dye or photocatalyst. It will facilitate more or less number of dye molecules to get

adsorbed on the surface of photocatalyst depending upon the surface charge of both the dye

and the photocatalyst. Also, the loading of photocatalyst affect the degradation of organic

compounds. The degradation increase upto a certain loading of photocatalyst because of

increase in photocatalyst particles for adsorption of dye molecules. But further increase in

photocatalyst shows the reverse effect because of increase in turbidity which reduces the

penetration of light radiation in the slurry and hence the photoexcitation of charge carriers in

the semiconductor materials, the primary step for photocatalytic degradation of organic

compounds.

1.6.4 Source of radiations

Radiation sources play a key role in the performance of photocatalytic reaction. The choice of

particular lamp is made on the basis of the photoexcitation energy requirement of particular

photocatalyst. Since the photocatalyst is solid particles and suspended in solution, so during

the design of photocatalytic reactor the opacity, distribution, scattering effect and depth of

penetration of radiation are to be taken into account in selection of lamp. The proper shape

with proper radiation spectra of lamp is also required to be considered in the photocatalytic

reactor design.

1.6.5 Charge carrier trapping

It is necessary to retard photoexcited electron-hole pair recombination for better charge

transfer process to photocatalyst surface so that photocatalytic reaction can occur efficiently.

Charge carrier trapping suppresses recombinations and thus increase the life time of

photoexcited electron-hole pairs to above a fraction of nanosecond. During synthesis an ideal

crystal lattice of a semiconductor can never be produced, however, surface and bulk

irregularities naturally occur during preparation process. These irregularities associated with

surface electron states have different energy from the bands present in the bulk

semiconductor. The electron states serve as charge carrier trap states and thus suppress the

probability of electron-hole recombination. Thus the competition between the recombination

and charge carrier trapping followed by the competition between recombination of trapped

carriers and interfacial charge transfer determine the overall efficiency of interfacial charge

transfer [27].
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1.6.6Photocatalyst size and quantum confinement effect

Crystal structure, particle size and crystallinity strongly affect the separation and migration of

photogenerated carriers to the surface of the photocatalyst. As shown in Figure 1.6 the

photoexcited charge carriers have to travel longer distance to reach at surface active sites.

Figure 1.6: Effect of particle size on the migration of charge carriers to the surface of the
photocatalyst [28].

As a result, they recombine at boundaries and defects before they reach to the active site at

the surface to participate in redox reactions. However, this effect can be minimized by

making the particle size to be very small. By reducing the particle size, the distance that

photogenerated charge carriers have to travel to migrate towards reaction sites become short

and this decrease in recombination probability. Thus by reducing the particle size, large

number of charge carriers are available at the surface active sites and photocatalysis of

organic compounds could be made easily and rapidly. Semiconductors exhibit size dependent

structural, optical and photocatalytic properties when their size becomes smaller than Bohr

exciton radius. When the radius the particle approaches to Bohr radius, the exciton in the

particle experience a spatial confinement and can exist in the particle when it is in the state of

higher energy which leads to an increase in energy gap of semiconductor. At this stage the

energy bands splits into discrete energy levels. This phenomenon is called quantum

confinement effect [29]. Mathematically the increase in bandgap energy (ΔE ) varies with

particle radius (R), reduced effective mass (µ) and dielectric constant (ε) by the relation as

[30] ΔE = h2/ 8µR2 – 1.8e2/ εR ......(1.8)

Where h is Planck’s constant ( h = 6.626  10-34 Js)
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µ =m +m
Quantum confinement effect affects the radiative and non-radiative electronic transitions of

nanoparticles (NPs). Thus in NPs the fractions of atom present at the surface are very large as

compared to their bulk counterpart which is highly recommended for photocatalysis. The

increase in surface-to-volume ratio causes enhanced reactivity and selectivity. Thus with

decrease in particle size, greater number of photogenerated electron-hole pairs migrate to the

surface active sites of the photocatalyst thus reduces the volume recombination which

dominantly occur in bulk semiconductor particles. Thus the particle size plays a crucial role

for photocatalysis of various organic and inorganic compounds.

1.7 Synthesis

During last decade, there has been an explosive growth of nanoscience and technology

because of the availability of new methods of synthesizing nanomaterials, as well as tools for

characterization and manipulation. Controlling various parameters like size, shape and

structure of nanoparticles is technologically important because they have strong correlation

with optical, electrical, magnetic and photocatalytic properties [31].

Figure 1.7: Nucleation and growth of NPs during synthesis [32].

The conventional approach for the synthesis of nanoparticles involves chemical or physical

attrition from bulk into objects of desired sizes and shapes and is referred as the “top-down”
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approach. Inverse to the “top-down” approach involving the assembly of materials from

molecular levels to form micro or macro-sized shapes and structures, often referred as

“bottom-up” approach or “self-assembly” [31]. Wet chemical synthesis involving colloids is

the most energy efficient “bottom up” technique for the synthesis of semiconductor

nanoparticles. The chemical synthesis has the advantages of producing size-controlled, un-

agglomerated nanoparticles. During synthesis of nanoparticles by chemical precipitation

technique, initially formed products are termed as seed. Further, growth in the size of seeds

due to agglomeration form nanocrystallites in a thermodynamically controlled manner. If this

growth is not controlled then due to Vander Waals interactions and Ostwald ripening between

the particles, they will result in agglomeration and will finally settle down. Figure 1.7 shows

the nucleation and growth mechanism during synthesis of nanoparticles. The agglomeration

of NPs is highly undesirable for their potential use in photocatalysis.

1.7.1 Surface modification of nanoparticles

Particles in the nanometer range have a strong tendency to agglomerate due to Vander Waals

interactions. Therefore it is important to develop synthetic methods by which the particles can

be stabilized, that is, where repulsive forces between the particles can be provided to balance

this attraction Figure 1.8(a).

Figure 1.8: Particles in a colloid (a) in the absence of double layer and (b) presence of
electrical double layer to prevent agglomeration [31].

Generally two types of stabilization are used to prevent agglomeration namely, electrostatic

stabilization and steric stabilization by adsorbed molecules or steric hindrance. Electrostatic

stabilization involves the creation of an electrical double layer arising from ions adsorbed on

the surface and associated counter ions that surround the particle. If the electric potential
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associated with the double layer is sufficiently high, the coulombic repulsion between the

particles prevents their agglomeration Figure 1.8(b). The steric stabilization of colloidal

particles can be achieved by the adsorption of large molecules such as polymers on the

surface of the particles. The stabilization of dispersed particles by an adsorption of polymer

layer over them is termed as steric stabilization.

Actually the coil dimensions of polymers are usually larger as compared to the range over

which the attraction forces between colloidal particles are larger. Two types of effects namely

volume restriction contribution and osmotic diffusion describe this type of stabilization. First

effect describes the fact that the adsorbed molecule restricted in motion decrease the

configurationally entropic contribution to the free energy (Figure 1.9(a)). Second, when two

particles containing an adsorbed polymer layer approach each other, the polymer layers

overlaps that results some compression. This causes an increase of local segment density of

the polymer chains in overlap region. This increase in local segment density results strong

repulsion which result in increase in osmotic pressure in this region. This phenomenon is

known as osmotic repulsion (Figure 1.9(b)).

The capping reduces the agglomeration of semiconductor photocatalyst during synthesis and

thus helps in controlling the size of synthesized NPs. As nanosized mono dispersed NPs have

high surface to volume ratio and thus are more active for photocatalytic processes.

Figure 1.9: Steric stabilization of NPs (a) Entropic effect and (b) Osmotic effect.
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CHAPTER 2

LITERATURE REVIEW

Overview

The present chapter describesthe details of literature pertaining to ZnO and CeO2

nanoparticles and their unique properties. Various synthesis routes have been used for

fabrication of undoped and doped ZnO and CeO2 nanomaterials have been given. It provides

the photocatalytic properties of these nanomaterials. Various parameters which affect the

photocatalytic efficiency of these nanomaterials like types of irradiations, irradiation time,

dopant, effect of doping concentrations, capping, morphology, pH nature of dye solution,

photocatalyst dosage, variation in dye concentrations, have been discussed in this chapter.

Also, the effect of photodegradation efficiency of these nanomaterials with alteration in

photoluminescence intensity with capping and doping has been illustrated.
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2.1 Introduction

2.2 Zinc Oxide (ZnO)

Zinc Oxide (ZnO) crystallizes commonly in a wurtzite structure (space group P63mc, a=3.25

Å, c=5.20 Å) having a direct bandgap of 3.37 eV with large excitonic binding energy (60

meV), which is even larger than the thermal energy at room temperature (RT) [1-2]. The

specific physicochemical and optoelectronic properties of ZnO stimulates and its feasible

application in various disciplines such as photocatalysis, light emitting diodes, solar cells, gas

sensors, luminescent materials, pigments, UV shielding materials, surface acoustic wave

filters, actuators, spin electronics, short-wavelength optoelectronic devices, varistors,

antifungal, and piezodielectric nanogenerators is well known [3-5]. The admirable attributes

of ZnO such as inexpensiveness, high redox potential, non-toxicity, high photosensitivity,

large bandgap offering an excellent driving force to induce redox reactions, mechanical-

thermal stability, versatility in synthesis with hierarchical morphology, ease of crystallization,

anisotropic growth and natural abundance manifests its scope in the photocatalysis has been

well studied. The refractive index of ZnO is 2.0 hence ZnO scarcely scatters light, thereby

making it colorless and boost the transparency. The emission properties of ZnO have made

possible to set up an original catalytic system able to ‘sense and shoot’the environmental

contaminants and thus motivating further exploration on the properties of ZnO [8].

The presence of intrinsic impurities in ZnO, the electron mobility (200 – 300 cm2V-1s-1) and

electron lifetime (> 10 s) of ZnO is very high which reduces the electrical resistance and

promotes the electron transfer efficiency [9-10]. Therefore, high concentration of

photogenerated charge carriers transfer to the surface contributes to an efficient

photocatalysis. The position of VB (+3.06 V) of ZnO is such that the hydroxyl radical

generated in it has high oxidation potential and the electron derived from the ZnO CB is

believed to be more negative (at pH 0 vs. NHE). The ZnO absorbs a large fraction of UV

spectrum and more light quanta thus exhibiting a better performance for pollutant treatment

under the light illumination [11]. The surface band of ZnO is upward bent in air which

indicate that its  built in electric field direction is from inner to outer facilitating the hole

migration to particle surface, while electrons diffuse to the bulk of particle [12]. The presence

of various types of defects like oxygen vacancies, zinc interstitials, oxygen interstitials, and

generation of hydrogen peroxide, superoxide and hydroxyl radicals on the ZnO surface are

reported to be responsible for photocatalytic activity [2, 13-15].
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2.3 Photocatalysis with ZnO nanomaterials

Guo et al. [16] synthesized wurtzite ZnO nanocrystals using the polymer PVP for surface

passivation.They studied the effect of molar ratio of Zn(II)/PVP on the luminescence

properties and found that molar ratio of Zn(II)/PVP = 5:3 showed the most intense near band-

edge luminescence with only a weak green luminescence, whereas the green luminescence

was significantly enhanced in the ZnO nanoparticle sample with no PVP modification. This

result has led to believe that the green emission is due to the surface traps, e.g., oxygen

vacancy and the UV emission band may be ascribed to surface shallow traps or dark excitons.

Mclaren et al. [17] varied the olaic acid (OA) and zinc acetate ratio to synthesize ZnO NPs

and found that an increase in the solvent/OA molar ratio (decreasing OA concentration) led to

an increase in average NPs size. They showed that the exposure of a greater proportion of

polar faces leads to greater photocatalytic activity. The OH- ions preferentially adsorb onto

this face because of its positive charge. This leads to a greater rate of production of OH·

radicals and thus the degradation of the dye, during the photocatalysis.

Hong et al. [18] prepared ZnO nanoparticles with an average diameter of 20 nm and grafted

Polystyrene (PSt) in it. The photocatalytic degradation of methyl orange (MeOr) using ZnO

nanoparticles were observed for 5 h at MeOr concentration of 20 ppm and a catalyst

concentration of 1.5 g/L, a pH of 7.0 at 30 °C. The photodegradation of MeOr followed

pseudo first-order reaction and bare ZnO nanoparticles showed high photocatalytic activity in

photodegradation of MeOr under UV irradiation. The photocatalytic activity of ZnO

nanoparticles for some other azo dyes was also very high. Surface modification of ZnO

nanoparticles by polystyrene improved the compatibility of the inorganic nanoparticles but

reduced the photocatalytic activity of the modified ZnO NPs. Salehi et al. [19] have

investigated the dye adsorption properties of novel biocompatible composite Chitosan–zinc

oxide nanoparticle (CS/n-ZnO). Equilibrium and kinetic studies were done for the adsorption

of Direct Blue 78 (DB78) and Acid Black 26 (AB26) from aqueous solutions onto CS/n-ZnO.

They showed that zinc oxide nanoparticles were immobilized onto Chitosan and CS/n-ZnO

could be effectively used as a biocompatible composite adsorbent for the removal of anionic

dyes. The adsorption kinetics studies of dyes performed were based on pseudo-first order,

pseudo-second order and intraparticle diffusion rate mechanism. The results indicated that the

adsorption kinetics of dyes on CS/n-ZnO followed the pseudo-second order kinetics and

CS/n-ZnO being a biocompatible and eco-friendly adsorbent with relatively large adsorption



Chapter 2 Literature Review Page 22

capacity which might be a suitable alternative for elimination of dyes from colored aqueous

solutions.

Eskizeybek et al. [20] have synthesized polyaniline (PANI) homopolymer and PANI/ZnO

nanocomposite in aqueous diethylene glycol solution medium via chemical oxidative

polymerization of aniline and their photocatalytic activities were investigated by the

degradation of methylene blue (MB) and malachite green (MG) dyes in aqueous medium

under UV and natural light irradiations. They showed that the little amount of PANI/ZnO

nanocomposite photocatalyst degrades both of dye solutions with 99% efficiency after 5h of

natural sunlight irradiations.

Further, Baruah et al., [2] have synthesized ZnO NPs by hydrolysis and microwave method

and showed an enhanced photocatalytic activity with the increase in electronic defects in the

crystallites. Defects were introduced by fast nucleation and growth by rapid heating using

microwave irradiation and subsequent quenching during the precipitation reaction. By

introducing defects, they observed a red shift in the optical absorption from the ultraviolet

region to the visible region by to the creation of intermediate defect states that inhibit the

electron hole recombination process. The nature of the photodegradation process was

elucidate by recording the electronic transitions resulting from the de-excitation of the

electrons to their stable states. Photodegradation studies showed that defect engineered ZnO

nanoparticles obtained through fast crystallization during growth lead to a faster initial

degradation rate of methylene blue as compared to the conventionally synthesized

nanoparticles.

In addition to these, various research groups have explored the photocatalytic properties of

undoped and various elements doped ZnO nanomaterials to enhance their photocatalytic

efficiency. Work done by various research groups in this field, their route of synthesis and

outcomes have been summarized in Table 2.1.
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Table 2.1:Summery of photocatalytic studies of ZnO by various research groups and their main findings. 

Auther’s Name 
(Year) 
[Ref.] 

System Method of 
synthesis 

• Organic compound 
degraded 

• Parameter studied 
Outcomes 

Pauporte et al. 
(2007) 
[21] 

Mesoporous 
films of ZnO 

electrochemical 
deposition 

• Methylene blue and 
Congo red dye. 

• Concentration of Eosin 
Y as a structure 
directing agent. 

• Maximum degradation of methylene blue and 
congo red dye was achieved at 40µM 
concentration of eosin Y. 

• Photodegradation was preferentially occurred at 
large pores of the film and pore diameters less 
than 8nm have not contributed to large extent to 
photodegradation.  

Daneshvar et al. 
(2007) 
[22] 

ZnO 
nanocrystals 

Co-precipitation • An insecticide 
diazinon. 

• Illumination time of 
UV, pH of the dye, 
insecticide 
concentration and 
photocatalyst amount. 

• Optimal amount of photocatalyst and 
insecticide concentration was 150 ppm and 20 
ppm respectively for maximum degradation 
under UV irradiations. 

Wu et al. (2008) 
[23] 

ZnO 
nanoparticles 
from Fluka 

As received • Reactive red 198. 
• Influence of ZnO 

dosage, pH, addition of 
NaCl,1-butnol, 
UV/ZnO, UV/US/ZnO 
and US/ZnO (US-
Ultrasound, UV-ultra 
violet). 

• The percentage of RR198 removal was 
increased with ZnO dosage. 

• The degradation rate constant of US, UV/US, 
UV/ZnO and UV/US/ZnO systems was 
increased with pH and the order follows 
UV/US/ZnO> UV/ZnO>US/ZnO>US/UV>US. 

• Addition of NaCl increased decolorization of 
RR198in UV/ZnO and UV/US/ZnO systems. 

• Addition of 1-butanol inhibited decolorization 
of RR198 in UV/ZnO and UV/US/ZnO 
systems.  

Tsuzuki et al. (2009) Mn doped ZnO Sol-gel • Rhodamine B. • Photodegradation of rhodamine B dye was 
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[24] nanoparticles • Varied the doping 
concentration upto 5 
at.%. 

significantly decreased with Mn doping as 
compared to undoped ZnO under sunlight. 

Mekasuwandumrong 
et al. (2010) 

[25] 

ZnO 
nanoparticles 

Flame pyrolysis • Methylene blue. 
• Flame height and high 

temperature residence 
during synthesis of 
photocatalyst. 

• Improved crystalline quality and photocatalytic 
activity were obtained at high flame height and 
temperature. 

• Post treatment annealing of ZnO at high 
temperature obtained larger particle size and 
exhibited reduction in photocatalytic activity 
due decrease in surface availability. 

Slama et al. (2010) 
[26] 

Vanadium 
doped ZnO 
nanoparticles 

Sol-gel • Methylene blue. • Vanadium doped ZnO NPs showed improved 
photocatalytic degradation of methylene blue 
dye due generation of deep levels in ZnO NPs. 

Wahab et al. (2011) 
[27] 

ZnO 
nanoparticles 

Reflux • Methyl orange. 
• Made comparison with 

commercial Degussa P-
25. 

• Synthesized ZnO NPs had higher photocatalytic 
activity under UV radiations as compared to 
commercial Degussa P-25. 

Abdollahi et al. 
(2011) 
[28] 

Mn doped ZnO 
nanoparticles 

Precipitation • Cresol. 
• Compare the 

photocatalytic 
degradation of cresol 
with commercial ZnO 
NPs. 

• Mn (1.0%) doped ZnO NPs had shown better 
photocatalytic efficiency as compared undoped 
and commercial ZnO NPs due to smaller 
particle size, high surface area and lower 
agglomeration. 

• Smaller band gap of Mn doped ZnO NPs than 
undoped ZnO was attributed to better 
photocatalytic efficiency in visible light in 
6hours. 

Mahmood et al. 
(2011) [29] 

Mn doped ZnO 
nanoparticles 

Microwave 
assisted route 

• Methylene blue. 
• Compared the 

photocatalytic 
properties with 

• Microwave assisted Mn doped ZnO NPs 
generated higher defects to induce midgap 
states for electrons to excite from valance band 
to conduction band. 
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conventional undoped 
and Mn doped ZnO 
NPs. 

• Microwave assisted Mn doped ZnO NPs had 
higher reaction rate constant for the degradation 
of methylene blue dye as compared to 
conventional undoped and Mn doped ZnO NPs. 

Khatamian et al. 
(2012) 
[30] 

ZnO, 
ZnO/HZSM-5, 
ZnO/zeolite 
HY and 
ZnO/Clinoptilo
lite 
nanocomposite 

poly acryl amide 
pyrolysis 

• 4-nitrophenol. 
• Compared the 

photocatalytic activity 
of various 
nanocomposites. 

• Among all the nanocomposite catalysts, 
ZnO/HZSM-5 showed higher percentage of 
adsorption and complete mineralization of 4-
nitrophenol in 75mnutes under visible light 
radiations. 

Eskizeybek et al. 
(2012) 
[31] 

Polyaniline 
(PANI) 
homopolymer 
and PANI/ZnO 
nanocomposite 

Chemical 
Polymerization 

• Methylene blue and 
malachite green dyes. 

• UV and natural 
sunlight radiations. 

• Addition of the ZnO nanoparticles to the PANI 
homopolymer enhanced the photocatalytic 
efficiency under natural sunlight irradiation and 
a little amount of PANI/ZnO nanocomposite 
photocatalyst (0.4 g/L) had degraded both of 
the dye solutions with 99% efficiency after 5 h 
of irradiation under natural sunlight. 

Jia et al. (2012) 
[32] 

Nanocrystallin
e ZnO 
superstructures 

Thermal 
decomposition of 
zinc oxalate 

• Methyl orange. 
• Heat treatment 

temperature and 
irradiation time. 

• The optimum preparation condition for catalyst 
with higher photocatalytic activity was at 450 
°C for 6h. 

• The dye molecules and radicals adsorbed 
effectively on porous surface that resulted in 
the promotion of the photocatalytic process and 
more active site on the surface of porous 
structure may had accelerated the 
photocatalytic reaction. 
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Faisal et al. (2012) 
[33] 

ZnO 
nanoparticles 

Hydrothermal 
treatment 

• Methylene blue. 
• Compared the 

photocatalytic activity 
of ZnO NPs with TiO2-
UV100. 

• Methylene Blue was efficiently degraded about 
91.0% in just 85 minutes and showed better 
degradation as compared to TiO2-UV100. 

Etacheri et al. (2012) 
[34] 

Magnesium 
doped ZnO 
nanoparticles 

Co-precipitation • Methylene blue. 
• Undoped and variable 

composition of Mg 
doped samples was 
synthesized at different 
calcined temperature. 

• Undoped and 0.02, 0.05, 0.1 and 0.2-Mg doped 
ZnO NPs were synthesized at 400°C, 600°C 
and 700°C. 

•  All Mg doped samples exhibited smaller 
crystallite size, enhanced textural properties and 
wide band gap as compared to undoped ZnO. 

• Mg doped samples exhibited near band edge PL 
emission and enhanced sunlight-induced 
photocatalytic activities as compared to 
undoped ZnO. 

• 0.1-Mg doped ZnO calcined at 600°C had 
shown highest photocatalytic activity attributed 
to better electron-hole separation, wider 
bandgap and superior textural properties. 

 
 

Djaja et al. (2013) 
[35] 

Ce doped ZnO 
nanoparticles 

Co-precipitation • Methyl orange. 
• Varied the 

concentration of Ce 
upto 19 at.%. 

• Ce dopant had strong effect on structural and 
optical properties. 

• Reduction in the band gap due to formation of 
new states attributed to doping level and 
presence of an oxygen vacancy. 

• Photocatalytic activity was increased with 
increased in Ce ion content and then decreased 
beyond the optimal value of doping. 

• 9 at.% of Ce ion doping shown highest 
photocatalytic degradation of methyl orange 
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dye.  
Milenova et al. (2013) 

[36] 
Cu doped ZnO 
nanoparticles 

Precipitation • Reactive Black5. 
• Studied variation in 

doping concentration 
of Cu. 

• Cu doped (0.24-1.07 at.%) ZnO NPs were 
synthesized and photocatalytic efficiency was 
evaluated by degradation of Reactive Black5 
dye. 

• Decrease in Cu content in ZnO lead to 
enhancement in photocatalytic activities due to 
segregation of doping element on the surface of 
ZnO particles. 

• Pure ZnO exhibited best photocatalytic 
properties. 

Voicu et al. (2013) 
[37] 

Mn doped ZnO 
nanoparticles 

Hydrolysis • Methylene blue. 
• Doping of Mn was 

varied upto 5%. 

• Mn (1, 2.5 and 5%) ZnO NPs were synthesized 
and evaluated them for photodegradation of 
methylene blue dye. 

• Luminescence intensity was decreased with 
increased in Mn doping concentration. 

• Photocatalytic activity was increased with 
increased Mn percentage and 5% of Mn doping 
had shown highest photodegradation efficiency. 

Xu et al. (2014) [38] ZnO 
nanostructure 

Sol-gel • RhodamineB. 
• Various ZnO 

nanostructures were 
evaluated for 
degradation of dye. 

• ZnO nanorods, ZnO film and ZnO leaf-like  
nanostructures were evaluated for degradation of 
rhodamine B dye. 

• ZnO with leaf-like structure had shown better 
photocatalytic activity than others because ZnO 
leaf-like structure had larger surface area than 
their counterparts. 

Umar et al. (2015) 
[39] 

ZnO 
nanourchins 

Hydrothermal • Acridine orange dye. 
• UV light irradiations. 

• Synthesized ZnO nanourchins exhibited 
crystalline nature with hexagonal wurtzite phase. 

• 98.5% acridine orange dye was degraded within 
80minutes of UV light irradiations.   
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Hosseini et al. (2015) 
[40] 

Ag doped ZnO 
nanoparticles 

Solid state milling • Methyl violet. 
• Variation in Ag doping 

concentration. 

• Ag doping had shown red shift in absorption 
band edge and thus reduced the energy gap. 

• Ag 2% had shown the highest photodegradation 
of methyl violet due presence of optimal oxygen 
vacancies.  

Mardani et al. (2015) 
[41] 

Fe and Cu 
doped ZnO 
nanoparticles 

Hydrolysis and 
oxidation 

• Methylene blue. 
• Studied the effect of 

metal doping on 
methylene degradation. 

• Undoped, Fe and Cu doped ZnO NPs 
wereprepared and evaluated their photocatalytic 
efficiency with photodegradation of methylene 
blue dye under visible light radiations. 

• Presented that Fe and Cu doped ZnO NPs has 
shown better photodegradation as compared to 
undoped. 

• Fe doped ZnO NPs had degraded methylene 
blue dye more efficiently as compared to Cu 
doped ZnO NPs due to their smaller particle 
size. 

Elangovan et al. 
(2015) [42] 

Na doped ZnO 
nanocrystals 

Wet chemical 
method 

• Methylene blue. 
• Effect of Na doping, 

catalyst dosage and UV 
irradiation time. 

• Undoped, 2, 3 and 5% Na doped ZnO 
nanocrystals were synthesized to the 
photocatalytic degradation of methylene blue 
dye under UV light irradiations. 

• Degradation wasincreased with increased in Na 
doping concentration and 5% Na doping had 
shown the maximum degradation in 5 hours 
under UV illuminations.  

• 0.1g/50ml of 5% of Na doped ZnO nanocrystals 
were found to be optimum to achieve maximum 
degradation. 

Manna et al. (2015) 
[43] 

Hybrid 
Au/ZnO 
nanoparticles 

Microwave • Rhodamine-6G. 
• Varied Zn2+ 

concentration. 

• Zn2+ concentration was varied from 0.005 to 
0.1M in ZnO to achieve maximum degradation 
efficiency and maximium degradation of 
rhodamine-6G was obtained after 120minutes 
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under UV illuminations. 
• Optimized 0.1M of Zn2+ in ZnO, Au NPs were 

attached to evaluate photocatalytic studies of 
Au/ZnO NPs. 

• Hybrid Au/ZnO NPs exhibited enhance 
photocatalytic properties under UV illumination 
after 60minutes. 

Pandiyarajan et al. 
(2015) [44] 

Sm doped ZnO 
nanostructures 

Wet chemical • Acid blue 113. 
• 0.05-1.5mmol% of Sm 

concentration was 
varied. 

• Sm1.0 mmol% of Sm was optimal for more than 
80% degradation of acid blue 113 dye under 
UV-A radiations for 80minutes. 

Mishra et al. (2015) 
[45] 

ZnO tetrapods Flame transport • Methylene blue. 
 

• ZnO tetrapods with different types of arm shape 
exhibited significantly high photocatalytic 
activity against methylene blue under UV 
radiations. 

Dong et al. (2016) 
[46] 

1D-ZnO 
nanostructures 

Electrospinnig • Rhodamine blue. 
• Deposition of Au NPs 

on ZnO NPs. 

• Out of various 1D- ZnO nanostructures, ZnO 
nanobelts had shown maximum degradation of 
rhodamine B dye under 180minutes of UV light 
radiations. 

• ZnO-Au composite had further improved the 
photocatalytic efficiency due to formation of 
ohmic contact. 
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2.4 Cerium Oxide (CeO2) 
Ceria (CeO2) is a rare earth metal oxide and it is most abundant in earth’s crust. It has 

exceptional technological importance due to its versatile properties like mechanical strength, 

electronic conductivity, oxygen ion conductivity and oxygen storage capacity.Due to these 

exceptional properties, it is a basic component materials for solid oxide fuel cell, sensors, 

abrasive pastes and catalysis. Ceria containing materials have been extensively investigated 

in the field of metallurgy, smart glass materials, electrochemistry, optics and ceramics [47-

54]. After europium, cerium is the most reactive earth metal which easily oxidized at room 

temperature. Most of rare earth metals exist in trivalent state, cerium exist in +3 and +4 state 

and flip-flop between these two in redox reaction [55-56]. Ceria has a fluorite structure with 

Fm3m space group from room temperature to the melting point. The fluorite structure 

consists of face centered cubic (fcc) unit cell of anions and cations occupying octahedral 

sites. The color of ceria is pale yellow and is due to charge transfer of Ce(IV) - O(II) [57]. 

Ceria can accommodate high oxygen deficiency by the substitution of lower valence elements 

that leads to high oxygen ion conductivities. Defects such as oxygen vacancies dominate the 

chemical and electronic properties of ceria. Oxygen vacancies play a significant role in 

reactivity of ceria for photocatalytic oxidation of organic contaminants [58-59]. Enhanced 

activity is mainly attributed to oxygen storage capacity which is closely linked with the fact 

that how easily cerium can change its oxidation states. The formation of oxygen vacancies in 

ceria is mainly due to increase in Ce3+ concentration in order to maintain electroneutrality 

[60]. Ceria nanoparticles with large surface to volume ratio act catalytically because with 

decrease in particle size, ceria NPs demonstrate more oxygen vacancies, along with some 

new properties like enhanced electron conductivity, pressure induced lattice relaxation and 

blue shift in UV absorption spectra [61-64]. These all properties have a major contribution 

towards the photodegradation applications. Thus ceria has been used as a photocatalyst by 

various research groups. Before this various methods has been employed to synthesize ceria 

NPs and other nanostructures like hydrolysis [65], precipitation [66], thermal deposition [49], 

flame or combustion synthesis [67], hydrothermal or solvothermal [68], sol-gel [69], 

sonochemical [70], electrochemical [71] and so on.  

2.5 Photocatalysis with CeO2 nanomaterials 
Bamwenda et al. [72] in 2000 demonstrated that ceria can be used as a potential photocatalyst 

for decomposition of water to produce oxygen in aqueous suspension. O2 yield strongly 

depended upon duration of irradiation, ceria concentration and pH of suspension under 
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illumination time more than 10h and of wavelength less than 420nm. They showed that, ceria 

is a promising material that can be used in photocatalytic reactions with an appropriate 

design. Further Coronado et al. [73] in 2002 presented that CeO2 sample upon irradiation in 

vacuum produces superoxide radicals that were helpful for oxidation of toluene where 

photodegradation rate for CeO2/TiO2 was slightly lower than TiO2 sample. Although the 

photo-oxidation rate was lower than TiO2 but complete mineralization of toluene was 

obtained with CeO2 sample. Similar type of toluene degradation was studied by Alonso et al. 

[74] and suggested that hydroxyl and superoxide radicals were main species resulting from 

hole and electron trapping as active species for photo-oxidation of toluene. Qiu et al. [75] 

synthesized CeO2 nanophotocatalyst by precipitation method and shown that CeO2 NPs have 

better UV absorption property than commercial ceria microparticles. They found that the 

CeO2 NPs exhibited photocatalytic activity for decomposition of methyl orange under UV 

light irradiation. 

In addition to these, various research groups have explored the photocatalytic properties of 

undoped and various elements doped CeO2 nanomaterials to enhance their photocatalytic 

efficiency. Work done by various research groups in this field, their route of synthesis and 

outcomes have been summarized in Table 2.2.  
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Table 2.2: Summery of photocatalytic studies of CeO2 by various research groups and their main findings. 

Auther’s 
Name 
(Year) 
[Ref.] 

System Method of 
synthesis 

• Organic compound 
degraded 

• Parameter studied 
 

Outcomes 

Mao et 
al.(2008) 

[76] 

N doped CeO2 
nanoparticles 

Wet-chemical  • Methylene blue. 
• N doping 

concentration. 

• 1.6 to 8.7% of N doped ceria samples were synthesized by wet 
chemical route and methylene blue dye was selected to study 
the photodegradation efficiency of as synthesized NPs. 

• Approximate 4% of N doping was observed to be optimal for 
best decomposition rate where the degradation was nearly 20% 
under visible light in more than 300minutes. 

Ameta et al. 
(2009) 
[77] 

CeFeO3 Co-
precipitation 

• Gentian Violet. 
• Concentration of 

gentian violet, pH, and 
light intensity. 

• Maximum degradation of gentian violet was achieved at 0.1g of 
catalyst loading at pH 6.0 of dye solution. 

• Degradation of gentian violet increased with increased in light 
intensity and degradation was maximum at mW/cm2.   

Ji et al. 
(2009) [78] CeO2 nanoparticles Precipitation 

• Acid orange 7. 
• Photodegradation rate 

of ceria was compared 
with commercial 
Degussa P25. 

• Acid orange7 was decolorized and partially mineralized after 
10h under visible light radiations. 

• Ceria NPs had shown better degradation after 10h than 
commercial Degussa P25. 

•  At lower pH of dye solution, photocatalysis had increased due 
to increase in adsorption of dye molecules on ceria NPs. 

• CeO2 could serve as an excellent electron transfer mediator to 
transfer electron from photo-excited dye molecule to produce 
oxidizing agents for degradation of dye. 

Cai et al. 
(2010) [79] Fe doped CeO2 Hydrothermal 

• Acid orange7. 
• Fe doping and effect 

of H2O2. 

• Lower doping of Fe improved Ce3+ concentration as well as 
enhanced photocatalytic performance. 

• Further increase in Fe doping concentration reduced the 
photocatalytic efficiency. 

• Fe doped CeO2 with Fe: Ce :: 1:100 had showed maximum 
degradation in the presence of H2O2 in visible region than 
CeO2:H2O2 system. 

Bhati et al. 
(2010) [80] Nanosized CeCrO3 Microwave • Fast green dye. 

• Effect of catalyst 
• Maximum degradation of dye was achieved at 0.05g of 

photocatalyst with 10-5 of dye at 7.5pH value. Further change in 
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dosage, pH, light 
intensity and 
concentration of dye.  

optimal parameters had reduced the degradation of dye. 
• The maximum degradation of dye was achieved at 70mW/cm2. 

Pouretedal 
et al. (2010), 

[81] 
CeO2 nanoparticles Precipitation 

• Methylene blue. 
•  CeO2 calcined 

temperature, pH of 
dye and photocatalyst 
dosage. 

• 1.0g/L of CeO2 NPs synthesized at 600ºC had shown the 
maximum degradation of methylene blue dye. 

• The optimized pH of dye to obtain maximum degradation was 
11. 

 
Pradhan et 
al. (2010) 

[82] 

Mesoporous and 
nano structures Iron-
cerium mixed oxides 

Precipitation • Phenol, Methylene 
blue and Congo red. 

• Iron content was 
varied for efficient 
photocatalysis. 

• 50 Fe catalyst with 50-50 content of both Fe and Ce acted as an 
efficient photocatalyst for all tested dyes. 

• 13% phenol, 93% methylene blue and almost complete 
mineralization of congo red dye was obtained after 4h under 
direct illumination to sun light. 

• The percentage of total carbon removed was 9%, 77% and 85% 
for phenol, methylene blue and congo red respectively.  

Zholobak et 
al. (2011) 

[83] 

CeO2 nanoparticles  • Methyl orange. 
• Compare the 

degradation efficiency 
with TiO2 and ZnO. 

• Nanoceria possessed lower photocatalytic efficiency as 
compared to TiO2 and ZnO NPs. 

• Photocatalytic activity of ceria was decreased with decrease in 
ceria particle size.  

Sifontes et 
al. (2013) 

[84] 

CeO2 nanoparticles Thermal 
treatment 

• Congo red. 
• Variation in synthesis 

temperature, catalyst 
amount and dye 
concentration. 

• Rate of congo red degradation was increased with irradiation 
time. 

• 62, 71 and 91% of congo red dye was degraded with ceria NPs 
calcined at 350, 650 and 960°C respectively after 24hours of 
UV radiations. 

• Increased in calcination temperature had led to increase the rate 
of photodegradation  efficiency of ceria NPs.  

Channei et 
al. (2013) 

[85] 

Fe doped CeO2 
nanoparticles 

Flame spray 
pyrolysis 

• Formic and oxalic 
acid. 

• Fe doping 
concentration was 
varied to achieve 
maximum 
degradation. 

• Fe doped CeO2 NPs had shown better photocatalytic 
degradation of formic and oxalic acid. 

• 2.0mol% was optimal to achieve maximum degradation. 

Jamahidi et CeO2 nanoparticles Sonochemical • Methyl orange. • CeO2 NPs had degraded methyl orange effectively under UV 
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al. (2013) 
[86] 

irradiations in 60 minutes. 

Khan et al. 
(2013) [87] 

CeO2 nanoparticles  Hydrothermal • Acridine orange. • Photocatalytic efficiency of ceria NPs was evaluated by 
photodegradation of acridine orange dye and 50% of 
degradation was achieved after 170 minutes. 

• Reduction in particle size enhanced the active surface area 
which resulted in photodegradation. 

Ma et al. 
(2014) [88] 

Ag/CeO2Nanosphere Hydrothermal • Formaldehyde. 
• Catalysis of 

formaldehyde was 
performed above 
110°C. 

• Ag/CeO2 nanosphere catalysts exhibited much higher activity 
than Ag/CeO2 particles and pure CeO2 particles. 

• The specific reaction rate of Ag/CeO2 nanosphere was almost 
3.6times higher than Ag/CeO2 particles.  

Channei et 
al. (2014) 

[89] 

Fe doped CeO2 
nanoparticles 

Homogeneous 
precipitation 

• Methyl orange. 
• Fe doping 

concentration was 
varied from 0.5 to 5.0 
mol%. 

• Fe doped CeO2 NPs had shown better photodegradation 
efficiency as compared to undoped and other doped CeO2 
samples. 

• 1.5mol% was optimal to achieve maximum degradation 
(approximately 50%) of dye in 120minutes. 

• PL emission intensity gradually decreased with increased Fe 
doping.  

• Presence of Fe 3+ observed from XPS contributed to Fe3+/ Fe2+ 
and Fe4+/ Fe3+ additional levels in CeO2 had decreased the 
bandgap energy and also reduced the recombination rate of 
electron-hole pairs. 

• Lesser recombination increased the life-time electron hole pair 
separation thus resulted in better degradation of methyl orange 
dye.  

Ansari et al. 
(2014) [90] 

EAB modified CeO2 
nanostructure 

CeO2 
nanostructures 
were 
purchased 
from Sigma-
Aldrich. 

• 4-nitrophenol and 
methylene blue. 

• Pure CeO2 nanostructure and electrochemically active biofilm 
(EAB) modified CeO2 nanostructures was synthesized and had 
shown that modified CeO2 exhibit red shift with enhanced PL 
intensity due to increased defects. 

• Approximate 80% and more than 80% 4-nitrophenol and 
methylene blue dye was degraded in 5h under visible light 
readiations. 

• Modified CeO2 had shown better degradation efficiency as 
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compared to pure CeO2 nanostructures. 
Liyanage at 
al. (2014) 

[91] 

Y-doped CeO2 
nanorods 

Hydrothermal • Indigo carmine and 
rhodamine B dye. 

• Doping of Y doping 
and temperature. 

• Increase in doping concentration resulted in increase in amount 
of oxygen vacancies. 

• The doped nanorods had shown higher photocatalytic activity 
compared to ceria at lower level of doping due to low band gap 
energy and presence of oxygen vacancies. 

• Doping with 50% of Y resulted in lower photocatalytic activity 
as compared to pure ceria at room temperature due to fast 
electron-hole pair recombinations. 

• Maximum of 60% indigo carmine and 40% of rhodamine B dye 
was degraded with Y doped ceria at Ce:Y ::0.89:0.11 
composition at room temperature under 100minutes of UV-
Visible light  illumination. 

• Ce:Y :: 0.44:0.56 composition had shown maximum 
(approximate 50%) degradation of inigo carmine at 100°C. 

Lei et al. 
(2015) [92] 

CeO2 nanoroda and 
nanocrystals  and Au 
loading 

Hydrothermal • Methyl orange. 
• Loading of Au 

nanoparticles. 

• Loading of Au NPs onto CeO2 nanorods to form Au/CeO2 
plasmonic nanocomposites had enhanced methyl orange 
photodegradation. 

• 11.6 wt% Au/CeO2 had shown 1.3 times photoreactivity under 
UV light as compared to visible light. 

Mandal et 
al. (2015) 

[93] 

Sm3+ doped CeO2 
nanopowder 

Microwave • Acid orange 7. 
• Calcination 

temperature of 
photocatalyst and pH 
of dye. 

• Sm3+ doped ceria calcined at 500°C had shown better 
photodegradation activity as compared to samples synthesized 
at 600 and 800 °C. 

• pH of dye solution was adjusted from 2.9 to 9.1 and found that 
photodegradation of acid orange 7 was maximum in acidic 
solution. 

• At pH 2.9 the decolorization efficiency was 99.5% which 
reduces to 95% at pH 9.1 after 10h under visible light 
illuminations. This was attributed to basic nature of acid orange 
7 dye, which could easily adsorbed on catalyst surface in acidic 
medium. 

Sharma et 
al. (2015) 

[94] 

Eu doped CeO2 
nanoparticles 

Chemical 
precipitation 

• Methyl orange. 
• Eu doping 

concentration. 

• Eu doped (upto 30 mol%) CeO2 NPs were synthesized and their 
photocatalytic activity was evaluated by degradation of methyl 
orange dye under UV radiations. 



Chapter 2 Literature Review Page 36 

• Eu 30mol% doped ceria NPs had shown maximum (~80%) of 
methyl orange degradation in 90min under UV radiation. 

Li et al. 
(2015) [95] 

CeO2 nanocrystals Hydrothermal • Rhodamine B. 
• Degradation efficiency 

of synthesized 
samples was 
compared with 
commercial TiO2 P25. 

• CeO2 NPs had shown better degradation of rhodamine B dye 
than ceria nanorods and commercial TiO2 P25.  

• ~83% rhodamine B dye was degraded in 240minutes under 
visible light illuminations.  

Younis et al. 
(2016) [96] 

In doped Ceria 
nanoparticles 

Hydrothermal • Methyl orange and 
methylene blue. 

• In doping 
concentration, 
temperature. 

• 5.0, 10.0 and 15.0at% in doped ceria NPs were synthesized by 
hydrothermal route and to explore their photocatalytic 
efficiency, methyl orange and methylene blue dye degradation 
was evaluated under UV radiations. 

• In with 10at% had shown better photocatalytic efficiency as 
compared to other doped and undoped ceria NPs. 

• More than 90% and nearly 60% of methyl orange and 
methylene blue dye was degraded under UV radiations after 100 
minutes of illuminations respectively. 

• Rate of reaction was increased on rising the temperature to 
100°C due to enhanced oxygen mobility. 

• In 10at% doped Ceria sample had shown maximum degradation 
efficiency due to lower band gap and higher concentration of 
oxygen vacancies on surface.   
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2.6 Plan of work  

Although tremendous efforts have been made by various research groups to enhance the 

photocatalytic behavior of ZnO nanomaterials by doping with various metal ions, yet some more 

systematic study is required to explore this field. For example: (a) Some of the groups have 

shown that Mn doping has decreased the photocatalytic efficiency of ZnO NPs. On the other side 

some other groups have shown that Mn doping in ZnO has increased the photocatalytic behavior. 

Optimal doping concentration of Mn has been reported to be different for maximum degradation 

of organic compound. Therefore more systematic studies are required to obtain optimal doping 

concentration of Mn for maximum degradation.  (b) Similarly it can be seen from the literature 

survey that Cu doping in ZnO has decrease the photodegradation efficiency, which further need 

more study to explore the effect of Cu doping in ZnO for better degradation efficiency. (c) 

Number of groups have studied the effect of pH of dye solution and found different pH values 

for maximum degradation of dyes. However, no photocatalyst/system has been proposed which 

could degrade the organic compounds at all pH values i.e. in all acidic and basic medium of the 

pollutants. 

Except ZnO, although CeO2 nanomaterials is not a semiconductor material, but still have similar 

bandgap as that of ZnO, can be used as a photocatalyst. As literature review suggested that ceria 

nanomaterials have shown photocatalytic activity with various metals and non-metals but 

majority of them have not shown complete degradation of dyes. Therefore still some other 

metals needed to be considered to explore photocatalytic property of this nanomaterial. Various 

groups have shown the degradation of various organic compounds under different light 

radiations. The percentage degradation of dyes has been very small and the irradiation time is 

very large. Again there is no photocatalyst /system where the maximum degradation and 

pollutants with at all pH (acidic, neutral and basic region) can be degraded.  

Thus considering the above limitations or gaps, the main objectives behind the present work 

were as below: 

1 To synthesize Mn and Cu doped and undoped ZnO nanomaterials by chemical precipitation 

route. 

2 To study effect of capping agent like PVP and TG and photocatalytic properties. 

3 To synthesize Ag and Au doped and undoped CeO2 nanomaterials. 
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4 To study effect of dopant on photodegradation properties of CeO2 nanomaterials by 

conversion of Ce4+ to Ce3+. 

5 To study their photocatalytic properties using UV-visible, PLE and PL spectroscopy. 

6 To study morphological studies for structural and size measurement using XRD, SEM, TEM 

etc. 
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CHAPTER 3

EXPERIMENTAL DETAILS

Overview

This chapter describes the details of the chemical used and synthesis procedure adopted to

prepare undoped and doped ZnO and CeO2 nanoparticles. Procedure followed to

synthesize NPs at different pH is also discussed. Various characterization techniques used

to characterize NPs has been described. The set-up of photochemical reactor and the

procedure for photocatalysis of organic dyes has been discussed. At the end of the chapter

brief introduction about the pollutants selected for photocatalytic study is provided.
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3.1 Raw materials

For the synthesis of various doped and undoped samples, raw materials used were zinc

acetate dehydrate Zn(CH3COO)2.2H2O (99.99% Sigma Aldrich), manganese acetate

tetrahydrate Mn(CH3COO)2.4H2O (99.99% Sigma Aldrich), copper acetate monohydrate

Cu(CH3COO)2.H2O (99.99% Sigma Aldrich), sodium hydroxide NaOH (≥98.0%, Sigma

Aldrich), cerium nitrate hexahydrate Ce(NO3)3.6H2O (99.99%, Sigma Aldrich), silver

nitrate AgNO3 (≥98.0%, Sigma Aldrich), gold chloride AuCl3 (99.0%, sigma Aldrich),

hydrogen peroxide H2O2 (Merck), polyvinylpyrrolidone PVP (sigma Aldrich) and

Thioglycerol TG (sigma Aldrich). All the chemicals were used in as received condition.

3.2 Synthesis of undoped and doped ZnO nanoparticles

For the synthesis of undoped ZnO, 40mL homogeneous solutions of 0.5M zinc acetate,

(1.0 at. % (atomic %)) Thioglycerol (TG) / polyvinylpyrrolidone (PVP) and 0.5M sodium

hydroxide were prepared in distilled water separately by stirring them for half an hour.

Then TG / PVP solution was added to 40mL solution of 0.5M zinc acetate in aqueous

medium. After half an hour of stirring 0.5M sodium hydroxide was added drop wise to

the above solution with constant stirring. Soon after the addition of sodium hydroxide the

precipitation  phenomenon  occurs  and  the  concentration  of  precipitates  increases  as

the addition was increased. The stirring was allowed for another half an hour. For the

synthesis of Mn (0.5, 1.0, 1.5 and 2.0%) / Cu (1.0, 2.0, 3.0, 4.0 and 5.0%) doped and TG /

PVP capped ZnO NPs, 40mL homogeneous solution of 0.5M zinc acetate and 40mL

solution of 0.5M sodium hydroxide was prepared. 40mL homogeneous solution of 0.5M

dopant and TG / PVP solution each were prepared in distilled water separately with

constant stirring for half an hour. Firstly required amount of dopant solution was added

drop wise to 40mL zinc acetate solution then after half an hour TG / PVP solution was

added to same solution. After stirring of about half an hour sodium hydroxide solution

was added drop wise. The stirring was allowed for another half an hour. The capping

agent was used to avoid agglomeration. The precipitated particles were centrifuged at

10,000 rpm for 5min and then filtered using Whatman-40 filter paper. The particles were

washed several times to remove the last traces of adhered impurities. All the wet powders

were dried at 70°C in vacuum oven for 24h. Finally, the powders were calcined at 300°C

for 3h to produce the nano sized doped and capped ZnO powder.
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3.3 Synthesis of undoped and doped CeO2 nanoparticles

For the synthesis of undoped CeO2, 30mL homogeneous solution of 0.3M cerium nitrate

hexahydrate, (1.0 at.%) TG and 0.3M sodium hydroxide were prepared in distilled water

separately by stirring them for half an hour. For the synthesis of undoped and capped

CeO2 NPs, TG solution was added to the 30mL solution of 0.3M cerium nitrate

hexahydrate in aqueous medium. After half an hour 0.3M sodium hydroxide was added

dropwise to the above solution. Soon after the addition of sodium hydroxide the

precipitation phenomenon occurs and purple precipitates appears within few minutes. The

concentration of precipitates increases as the addition was increased and finally purple

colored precipitates turned into light yellow suspensions. The stirring was allowed for

another half an hour. For synthesis of Ag (1.0, 2.0 and 3.0%) / Au (0.1, 0.2, 0.3, 0.4 and

0.5%) doped and TG (1.0%) capped CeO2 NPs, required amount of dopant was dissolved

in distilled water and then pipette the particular amount of solution to 30mL

homogeneous solution of 0.3M cerium (III) nitrate hexahydrate prior to the addition of

TG solution. The capping agent was used for avoiding agglomeration. Different solutions

containing TG (1.0%) capped undoped and Ag/Au doped CeO2 NPs were then

centrifuged at 10,000 rpm for 5min. The precipitated particles were filtered using

Whatman-40 filter paper. The particles were washed several times with distilled water to

remove the last traces of adhered impurities. The wet powders were dried at 70°C in

vacuum oven for 24h. Finally, the powders were calcined at 250°C for 2.5h to produce the

nano sized doped and capped CeO2 powder.

3.4 Synthesis of Doped ZnO and CeO2 nanoparticles with varying pH

Mn/Cu doped ZnO NPs and Ag/Au doped CeO2 were synthesized by similar method as

discussed in above sections. With optimal doping concentration doped ZnO and CeO2

NPs were synthesized at varing pH. pH of solution was adjusted with the addition of

NaOH till the pH of solution reaches to 8.0, 10.0 and 12.0. The reaction mixture was

further stirred for 30minutes at room temperature. Then the solutions were centrifuged

and washed several times to removes last traces of unreacted species. The white

precipitates for doped ZnO and yellow precipitates for doped ceria were dried at 70°C for

24 hr. and then calcined at 300°C and 250°C for doped ZnO and CeO2 respectively.

Finally the powder so obtained was crushed to obtain fine powder for characterizations

and photocatalysis applications.
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3.5 Characterization Techniques

The as synthesized samples were characterized by X-ray diffraction (XRD) technique

using Panalytical Xpert Pro MPD diffractometer with Cu (Kα) radiations. Transmission

electron microscope (TEM) images were recorded using Hitachi (H-7500) operating at

80kV and high resolution transmission electron microscope (HR-TEM) images were

recorded using Tecnai G2 F30 operating at 300kV. Elemental analysis of the samples was

recorded with energy dispersive spectroscopy (EDS) using oxford INCA model attached

to JEOL JSM-6510LV. Photoluminescence (PL) excitation and emission spectra of

powdered sample has been recorded with Edinburgh Instruments FS920 spectrometer

equipped with 450W Xenon Arc Lamp and a cooled single photon counting

photomultiplier (Hamamatsu R2658P) and PL emission spectra was also recorded with a

fluorescence spectrophotometer (Varien-Cary Eclipse). X-ray photoelectron spectroscopy

(XPS) was performed using thermo scientific K-Alpha spectrometer with a

monochromatized Al Kα X-ray source. The pass energy, step size and spot size were

30eV, 0.1eV and 40mm respectively. Etching of the sample was carried out in situ with a

beam of Ar ions having an acceleration voltage of 1KV. High-resolution XPS (HR-XPS)

data were corrected for charging by shifting peaks with respect to C peaks located at

284.8eV. Peak deconvolution was performed using the Avantage software without

applying any restrictions to the spectral location and full width at half maximum

(FWHM) values.

3.6 Apparatus used for photocatalytic study

A photo reactor was designed and fabricated in our laboratory for photo degradation

studies. It contains three jackets. A mercury lamp having broad emission spectrum in far

UV and visible region was placed axially in the innermost jacket of cylindrical vessel.

The middle jacket was surrounded by circulating water intended to control the

temperature during the reaction. Solution dye and prepared photocatalyst was placed in

the outermost jacket and whole apparatus was then placed on the magnetic stirrer which

can work on variable temperature and revolution per minute (rpm). Here all experiments

were performed at room temperature and at 1500 rpm. The photocatalytic reaction was

carried out with 0.25g nanopowder suspended in 100mL of dye solution. The

concentration of the dye used for photocatalytic degradation was 10mg/L. At different

time intervals the slurry (dye and photocatalyst nanopowder) was sampled and

centrifuged at 10,000 rpm and then supernatants were analyzed by the UV–Visible
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spectrophotometer to study the photocatalytic degradation dye. Three dyes viz. crystal

violet (CV, λmax= 590nm), Sirius red F3B (SRF3B, λmax= 529nm) and rhodamine B (RhB,

λmax= 554nm) has been used to study the photocatalytic efficiency of as synthesized

undoped and doped NPs photocatalysts.

Figure3.1: Set up of photochemical reactor for photocatalytic studies.

CV, RhB and SRF3B dyes are triarylmethane, xanthenes and poly azo dyes with

molecular formula C25N3H30Cl, C28H31ClN2O3 and C45H26N10Na6O21S6 respectively.

These dyes have wide range of applications in medical and non-medical areas. These dyes

are also toxic in nature. The exposure of these toxic dyes have adverse effect on mankind

and aquatic life and may lead to cancer [1] and tumor growth [2].These dyes are mitotic

poison as well as clastogen in vitro [3] and genetically active [4].
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CHAPTER 4

RESULTS AND DISCUSSION

Doped and capped ZnO nanoparticles

Overview

The present chapter describes the study of doped ZnO nanoparticles (NPs) synthesized by co-

precipitation method. Various techniques viz. X-ray diffraction (XRD), transmission electron

microscopy (TEM), energy dispersive spectroscopy (EDS), UV-Visible spectroscopy,

photoluminescence (PL) emission and excitation spectroscopy has been employed to

characterize as synthesized doped and capped NPs. Photocatalytic efficiency of synthesized

NPs has been studied by evaluating the degradation of crystal violet (CV) dye under UV-

Visible irradiations. Further the effect of pH has also been studied in detail. Here it is

important to mention that the pH of NPs has been adjusted during synthesis only.
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4.1 Introduction

In recent years, advanced oxidation processes (AOPs) have attracted the scientists and the

industries for its ability to convert the pollutants into the harmless substances directly in the

wastewater. Till now, many kinds of semiconductors have been studied as photocatalysts

including TiO2, ZnO, CdS, ZnS, WO3 etc. [1–5]. TiO2 is the most widely used effective

photocatalyst for its high efficiency, photochemical stability, non-toxic nature and low cost.

As a contrast, ZnO, a kind of semiconductor that has the similar band gap as TiO2, is not

thoroughly investigated. However, the biggest advantage of ZnO in comparison with TiO2 is

that it absorbs over a larger fraction of UV spectrum and the corresponding threshold of

ZnO is 425 nm [6]. ZnO nanopowders have been reported, sometimes, to be more efficient

than TiO2 and its efficiency has been reported to be particularly noticeable in the advanced

oxidation of pulp mill bleaching wastewater [7, 8 ] the photo oxidation of 2-phenylphenol

and photocatalysed oxidation of phenol [9]. Need for even higher photocatalytic efficiency

has led to attempts of doping. The prime objective of doping the photocatalyst is to create

crystal defects which improve the optical absorption in the visible region. Mn doped ZnO

shows magnetic behavior and better degradation in visible region as Mn doping creates defect

states which act as the intermediate steps for the electrons in their photo excitations from

valence to the conduction band [10-12]. Also, silver is one of the metal that influences the

photocatalytic activity of ZnO particles by trapping the photoinduced charge carriers and

inhibiting the charge recombination process [13]. As silver is very expensive metal so doping

with copper (Cu) in ZnO is an alternative to modify absorption and emission in visible

region. Cu can enter into the ZnO lattice substitutionally as deep acceptors in combination

with neighboring oxygen (O) vacancy [14]. However, optical and structural properties have

strong influence on the photocatalytic properties of doped ZnO NPs. Thus to modify these

properties capping agents has been used to reduce agglomeration and growth of NPs.

Nanosize doped and capped ZnO NPs has been synthesized to enhance photocatalytic

efficiency of as synthesized NPs. In this chapter, effect of doping and capping has been

studied simultaneously to increase the photocatalytic efficiency. PVP /TG capped and Mn /

Cu doped ZnO NPs have been successfully synthesized by co-precipitation route. The detail

of the synthesis for doped and capped ZnO NPs has been provided in chapter 3. The as

synthesized NPs have been used as a photocatalyst for the degradation of crystal violet (CV)
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and Sirius red F3B (SRF3B) dyes. Apart from this, the effect of pH has also been studied to

achieve maximum degradation of dyes in smaller time.

4.2 PVP capped undoped and Mn doped ZnO nanoparticles

4.2.1 XRD studies

Figure 4.1(a-e) shows XRD data for undoped ZnO and Mn (0.5-2.0%) doped and PVP

(1%) capped ZnO NPs. It reveals a highly crystallized wurtzite structure (ICDD No. 36-

1451) and there is no new peak in Figure 1(b-e) for Mn phase has been observed. The

average crystallite size is estimated by Debye-Scherrer formula

D = 0.89λ/βcosθ ……(4.1)

where D is crystallite size (in nm), λ is the wavelength (in nm), β is the full width at

half maximum (FWHM—in radian) and θ is Bragg diffraction angle (in degree) The average

crystallite size is 26.4nm for undoped, 24.4nm for Mn (0.5%), 18.0nm for Mn (1.0%),

20.2nm for Mn (1.5%) doped and 21.2nm for Mn (2.0%) doped and PVP (1.0%) capped

ZnO NPs.

30 40 50 60 70
Angle (2)

ZnO

ZnO Mn(0.5%) PVP(1%)

In
te

ns
ity

 (a
. u

.)

ZnO Mn(1%) PVP(1%)

ZnO Mn(1.5%) PVP(1%)

102 110 103
200

201

ZnO Mn(2%) PVP(1%)

a

b

c

d

e
100

002

101

112

Figure 4.1: XRD pattern of (a) Undoped (b) Mn (0.5%) doped (c) Mn (1%) doped (d) Mn
(1.5%) doped (e) Mn (2%) doped with PVP (1%) capped ZnO NPs.
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4.2.2 TEM analysis

TEM micrograph of Mn (1% & 2%) doped and PVP (1%) capped ZnO NPs is shown in

Figure 4.2(a & b) respectively. It is clear from micrograph that as synthesized doped and

capped ZnO NPs exhibit spherical and hexagonal morphology. The particles are

agglomerated with particle size 15–20nm and 22-25nm for Mn (1%) and Mn (2%)

respectively which is close to the estimated size obtained from XRD.

Figure 4.2: Transmission Electron Micrograph (TEM) of (a) Mn (1.0%) and (b) Mn (2.0%)
doped with PVP (1.0%) capped ZnO NPs.

4.2.3 UV-Visible spectroscopy

Optical absorption spectroscopy of prepared undoped and Mn (0.5-2.0%) doped and PVP

(1%) capped ZnO NPs is performed by UV-Visible absorption spectroscopy at room

temperature. Figure 4.3 shows UV-Visible absorption spectra of undoped, Mn (0.5 -2.0%)

doped and PVP capped ZnO NPs. It shows absorption peak at 372nm, 373nm, 368nm,

371nm and 370nm for undoped, Mn (0.5%), Mn (1.0%), Mn (1.5%) and Mn (2%) doped

ZnO NPs respectively which is close to bulk counterpart having absorption peak at ~375nm.

[10-12]. The weak absorption starts from 600nm which becomes strong near 370nm,

which means that all samples can absorb some portion of visible light along with UV

radiations. Further band gap has been calculated by using Tauc’s formula which shows

relationship between absorption coefficient (α) and incident photon energy (hν) and can be

written as [15,16]

α hν  = A(hν - Eg)
n ……(4.2)
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where A is contant, α is the absorption coefficient and n depends on the type of transition

having values 1/2, 2, 3/2 and 3 corresponding to the allowed direct, allowed indirect,

forbidden direct and forbidden indirect respectively [17]. The exact value of the band gap

has been determined by extrapolating the straight line portion of the (αhν)1/n versus hν

graph. Figure 4.4 shows the graphs between (αhν)2 and hν for undoped and Mn (0.5-2.0%)

doped ZnO NPs. The exact band gap values has been found to be 3.27eV, 3.13eV,

2.94eV, 2.80eV and 3.24eV for undoped, Mn (0.5%) doped, Mn (1.0%) doped, Mn

(1.5%) doped and Mn (2%) doped ZnO NPs respectively. The band gap of undoped ZnO

is 3.24eV. This little less value as compared to bulk ZnO is due to defects in synthesized

NPs [18]. The band gap of doped ZnO NPs decreases with increase in Mn doping

concentration from 0.5- 1.5% doping. After this when Mn doping concentration is increased,

band gap increases to 3.24 eV which is close to undoped ZnO NPs as d-electron of Mn (t2g

level) can easily overlap with ZnO’s valance band (VB) because t2g of Mn is very close to

valance band of ZnO [19]. This overlap increases the width of ZnO valance band and

results in decrease in effective band gap. So the photocatalyst’s valance band electrons

can be excited by visible light radiations.
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Figure 4.3: UV-Visible absorption spectra of PVP (1.0%) capped and (a) undoped (b) Mn
(0.5%) doped (c) Mn (1%) doped (d) Mn (1.5%) doped (e) (2.0%) doped ZnO
NPs.
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However, the band gap (3.24eV) of Mn (2%) doped ZnO NPs again increases in

comparison to other doped NPs. It becomes comparable to undoped NPs which may be due

to increase in dopant concentration from optimum level as similar behavior has been

observed in vanadium doped ZnO NPs [20]. This may be due to structural parameters,

carrier concentrations and the defects such as oxygen vacancies, which may leads to

Burstein Moss shift [21].
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Figure 4.4: Band gap of (a) undoped (b) Mn(0.5%) doped (c) Mn (1%)  doped (d) Mn (1.5%)
doped (e) Mn (2%) doped and capped ZnO NPs.

4.2.4 Photocatalytic studies

Figure 4.5 shows the histogram between variations of doping concentration with percentage

degradation of crystal violet (CV) for 1h only. It shows that 21.48%, 48.23%, 50.41, 60.43%,

57.12 and 58.73% of crystal violet has been degraded in 1h using UV-Visible radiations

without catalyst, undoped, Mn (0.5, 1, 1.5 and 2%) doped ZnO NPs respectively. Thus

maximum degradation has been achieved by Mn (1%) doped ZnO NPs. For complete

degradation studies the photocatalytic activity of as synthesized undoped, Mn (1%) doped

and Mn (2%) doped ZnO NPs were evaluated by degradation of crystal violet dye
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molecules under UV-Visible irradiations because of their better catalytic activity in 1h.

This dye was used as a test contaminant as its degradation can be easily monitored by

optical absorption spectroscopy.
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Figure 4.5: (a) Calibration curve of crystal violet dye (b) Variation of doping of Mn
concentration with percentage degradation of CV.

Figure 4.6 (a-d) shows the absorption spectra of CV dye solution without catalyst, undoped

ZnO, Mn (1%) doped and Mn (2%) doped with PVP (1%) capped ZnO NPs which have

been taken at different intervals after exposing the solution with UV-Visible light. The

intensity of absorption spectra decreases as the exposing time increases from 0 to 3h. The

intensity of main peak decreases or even disappears due to degradation of CV dye.

Figure 4.7 shows a decrease in concentration of CV over time under different conditions (C

is the concentration of CV determined at λmax of absorption and C0 is initial concentration).

Curve (a) indicates CV dye degrades 29% only when exposed to UV- Visible irradiations

for 3h without catalyst. However, curves (b, c & d) indicate 79.5%, 98.1% and 97.5% of

CV dye has been degraded with undoped, Mn (1%) doped and Mn (2%) doped ZnO NPs

respectively. Inset of Figure 4.7 also demonstrate that Mn (1%) doped NPs shows better

degradation efficiencies as compared to Mn (2%) doped ZnO NPs. From this it can be

concluded that photocatalyst is necessary factor in photocatalytic process. Although CV has

been degraded sufficiently with undoped ZnO but doped and capped ZnO has shown faster

degradation. Therefore doping of ZnO is necessary to degrade CV completely which

increases its degradation rate. Also CV dye has been degraded to almost 100% using Mn

(1%) doped PVP (1%) capped ZnO NPs. The degradation of crystal violet for Mn (2%)

doped ZnO NPs is lower than that of Mn (1%) doped ZnO NPs. This observation can be

explained on the basis that Mn (1%) doped ZnO has better incorporation of Mn dopant
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and smaller particle size (confirmed from XRD studies shown above) as compared to

other synthesized NPs.

Figure 4.6: Absorption spectral changes of crystal violet dye aqueous solution (10mg/L)
degraded by (a) UV-Visible radiations only (b) Undoped (c) Mn (1%) doped
and (d) Mn (2%) doped and PVP (1%) capped ZnO NPs.

Therefore, surface to volume ratio for Mn (1%) doped and PVP (1%) capped ZnO NPs is

higher and activity of photocatalyst depends on the adsorption amount of dye molecules on

the surface of the photocatalyst and also doping induced surface defects in nanoparticles

which contribute strongly to higher photocatalytic activity. This has been discussed later in

PL studies.

Chapter 4 Results and Discussion Page 57

and smaller particle size (confirmed from XRD studies shown above) as compared to

other synthesized NPs.

Figure 4.6: Absorption spectral changes of crystal violet dye aqueous solution (10mg/L)
degraded by (a) UV-Visible radiations only (b) Undoped (c) Mn (1%) doped
and (d) Mn (2%) doped and PVP (1%) capped ZnO NPs.

Therefore, surface to volume ratio for Mn (1%) doped and PVP (1%) capped ZnO NPs is

higher and activity of photocatalyst depends on the adsorption amount of dye molecules on

the surface of the photocatalyst and also doping induced surface defects in nanoparticles

which contribute strongly to higher photocatalytic activity. This has been discussed later in

PL studies.

Chapter 4 Results and Discussion Page 57

and smaller particle size (confirmed from XRD studies shown above) as compared to

other synthesized NPs.

Figure 4.6: Absorption spectral changes of crystal violet dye aqueous solution (10mg/L)
degraded by (a) UV-Visible radiations only (b) Undoped (c) Mn (1%) doped
and (d) Mn (2%) doped and PVP (1%) capped ZnO NPs.

Therefore, surface to volume ratio for Mn (1%) doped and PVP (1%) capped ZnO NPs is

higher and activity of photocatalyst depends on the adsorption amount of dye molecules on

the surface of the photocatalyst and also doping induced surface defects in nanoparticles

which contribute strongly to higher photocatalytic activity. This has been discussed later in

PL studies.



Chapter 4 Results and Discussion Page 58

0 30 60 90 120 150 180

0.0

0.2

0.4

0.6

0.8

1.0

174 176 178 180 182 184

-0.02

0.00

0.02

0.04

0.06

0.08  CV+UV
 CV+ZnO
 CV+ZnO Mn(1.0%)PVP(1.0%)
  CV+ZnO Mn(2.0%)PVP(1.0%)

C/
C 0

Time(min.)

 CV+UV
 CV+ZnO
 CV+ZnO Mn(1.0%)PVP(1.0%)
  CV+ZnO Mn(2.0%)PVP(1.0%)

C
/C

0

Time(min.)

Figure 4.7: Photo degradation of crystal violet under different conditions, Curves: (a)
without catalyst under UV-Visible (b) with undoped and capped ZnO (c) With
Mn (1%) doped and PVP (1%) capped (d) With Mn (2%) doped and PVP (1%)
capped ZnO NPs. (Inset presents the difference in degradation efficiency of Mn
(1%) and Mn (2%) doped ZnO NPs.

Figure 4.8 shows the change in color of CV dye when exposed to UV-Visible radiations for

0- 3h with Mn (1%) doped ZnO NPs. The color of CV dye has been changed from

violet to colorless after 3h. This change in color shows that dye has been almost degraded

100% using Mn (1%) doped ZnO NPs.

Figure 4.8: Change in color of crystal violet dye with Mn (1%) doped and PVP (1%) capped

ZnO NPs in UV-Visible radiations at (a) 0min (b) 30min (c) 60min (d) 90min (e)

120min (f) 150min and (g) 180min.

The photocatalytic decomposition of CV on the surface of ZnO NPs also follows a pseudo

first-order kinetic law, and can be expressed as,

gdcb fe
e

a
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-lnC/C0=kt ……(4.3)

where C and C0 are the reactant concentration at time t = t and t = 0, respectively. k and t are

the pseudo-first-order rate constant (reaction rate constant) and time, respectively [22]. The

relationship between –ln (C/C0) and irradiation time (Reaction time) are shown in Figure

4.9. It is obvious that there exists a linear relationship between –ln (C/C0) and irradiation

time. The pseudo-first-order rate constant k and linear regression coefficient (R) for

degradation of crystal violet without catalyst, undoped ZnO, Mn (1%) doped and Mn (2%)

doped ZnO NPs are summarized in Table 4.1 . It shows that photoreaction rates are highest

for Mn (1%) doped NPs followed by Mn (2%) doped NPs and undoped ZnO NPs. Reaction

rate is least for UV-Visible radiations without any catalyst.
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Figure 4.9: Kinetics of crystal violet degradation with UV, undoped ZnO, Mn (1%) doped
and PVP (1%) capped ZnO and Mn (2%) doped and PVP (1%) capped ZnO NPs.

The enhanced photo catalytic activity as discussed above may be due to the surface

charge modification and passivation of surface electronic states of ZnO by PVP capping.

The above study indicates that after 3h of irradiation, the absorption peaks almost

disappears. This process indicates that most of the conjugated structures of dye disappear

after the photo catalytic process. Since Mn (1%) doped ZnO NPs has smaller band gap as
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shown by UV-Visible absorption spectra so it can be excited better in UV-Visible region.

Table 4.1: Reaction rate constant of crystal violet without catalyst, undoped, Mn (1% and
2%) doped with PVP (1%) capped ZnO NPs.

Experiment Concentration
of crystal violet

dye(mg/L)

Catalyst
concentration

( g/100mL)

K (min-1)
(Rate constant) R2

K (min-1)
(Rate

constant)

1 10
Without
catalyst

0.25

0.00163
0.82307 ----

2 10
ZnO

(Undoped)
0.25

0.00772
0.96773

0.0023
[23]

3 10
ZnO  Mn(2%)

PVP (1%)
0.25

0.0195
0.9808 ------

4 10
ZnO Mn(1%)

PVP (1%)
0.25

0.02078
0.95272

0.0025
[23]

4.2.5 Reusability

The reusability of photocatalyst has been investigated in order to establish stability of

catalyst and degree of photo degradation of CV. Mn (1%) doped sample has been taken

to check the reusability because of its high degree of degradation as compare to others.

The reaction mixture (retrieved catalyst + slurry) was filtered and washed with double

distilled water and then dried at 700 C for 24h in an oven. Finally, the powder was

calcined at 3000C for 3h. The recovered photocatalyst has been again used to degrade CV

using same concentration used above. Figure 4.10 shows the photo stability of Mn (1%)

doped ZnO NPs. Curve (a) shows the degradation of CV with actual sample whereas the

curve (b) shows the reusability of the same sample. It has been found that the reused

catalyst degrade almost 100% of CV after 3h whereas 98.1% of CV was degraded with

first time used doped and capped sample. This means the photocatalytic properties of the as

prepared catalyst has been slightly increased after when it has been exposed to UV-

Visible irradiations. However, it has been reported by many researchers that the

photocatalytic activity of the catalyst reduces after reusing the same catalyst [24, 25]. But in

our case photocatalytic activity increases on reusing the same sample. To check this
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different observation, the prepared sample was first exposed to UV-Visible radiations only

for 3h and then again used for degradation that study for the CV dye of same concentration.

Curve (c) shows the similar results as of curve (b). This shows photocatalytic properties of

prepared sample has been slightly improved after exposures to UV-Visible radiations.

Earlier it is reported that ZnO NPs with UV treatment displays a low water contact angle

which indicates more hydrophilic ZnO surface. This is attributed to surface modification

which leads to the transition from hydrophobic (low energy state) to hydrophilic (high

surface energy) state, resulting in uniform distribution of ZnO nanoparticles on the substrate

[26].
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Figure 4.10: Photochemical experiment to observe photo stability of Mn (1%) doped and
PVP (1%) capped ZnO NPs. Curve (a) First time used Mn (1.0%) doped with
PVP (1.0%) capped ZnO NPs (b) Reused Mn (1.0%) doped with PVP (1.0%)
capped ZnO NPs (c) Reused after placing 3h in UV-Visible radiations.

In our case also UV treatment results in enhanced optical and catalytic properties. These

results are observed by UV-Visible spectra. Figure 4.11 shows the UV-Visible spectra of

Mn (1%) doped ZnO NPs before and after UV treatment for 3h. The absorbance of sample

after 3h UV treatment is higher as compare to without UV treated sample.
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Figure 4.12 (a) shows the typical room temperature photoluminescence spectra of as

prepared undoped and Mn (1%) doped NPs whereas Figure 4.12(b) shows PL spectra of Mn

(1%) doped and PVP (1%) capped ZnO NPs without and with UV treatment for 3h when

excited at 325nm wavelength. Figure 4.12 (a) clearly shows shifting of emission peak from

UV (380nm, band edge emission) for undoped to broad peak in green region (400-528nm,

defect/dopant related emission) for Mn (1%) doped ZnO NPs which is due to the presence of

energy states of dopant Mn between conduction band and valance band of host ZnO NPs.
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Figure 4.11: UV-Visible absorption spectra of Mn (1%) doped and PVP (1%) capped ZnO
NPs (a) Without UV (b) With UV treatment.

In Figure 4.12(b), broad visible emission peaks including violet emission at ~ 423nm

(~2.93eV), blue emission at ~ 447nm (~2.78eV), blue-green emission at ~ 484nm (~ 2.56eV)

and green emission at ~ 528nm (~ 2.35eV) have been observed. Visible emission in ZnO

consist of blue, violet, green and yellow emission peaks that can be attributed  to

different intrinsic defects such as oxygen vacancies (Vo), Zinc vacancies (Vzn), oxygen

interstitials (Oi), zinc interstitials (Zni) and oxygen antisites (Ozn) [25]. The violet emission

at ~ 423nm (~ 2.93eV) is attributed to an electron transition from a shallow donor level to

neutral Zni to top level of valance band [26]. The blue emission centered around ~447nm

(~ 2.78eV) is attributed to singly ionized Vzn
- [26, 27]. A blue green emission centered at
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around ~ 484nm (~ 2.56eV) is due to a radiative transition of an electron from the shallow

donor level of Zni to an accepter level of neutral Vzn [28]. The green emission centered at

~528nm (~2.35eV) is attributed to radiative transition from conduction band to the edge of

acceptor levels of Ozn caused by oxygen antisites [27, 29]. The UV peak is usually

considered as the characteristic emission of ZnO and attributed to the band edge emission.

But there are many reports that showed the band edge emission of ZnO was absent in their

luminescence spectra [30, 31]. Generally the UV emission in ZnO disappears in two cases.

Firstly, if the excitation energy is considerably lower than its band gap energy [30] and

second, if the intensity of visible emission is much higher due to increased defect density [32,

33]. Since in our case the defects are strongly present so they increase the intensity in visible

region. Also defects and dopants (Mn in our case) in crystals create energy states within the

band gap which act as intermediate steps for electrons in their transitions between the valence

and conduction bands as a result of photo excitation. Hence UV emission is absent and

maximum emission is in visible region.

Figure 4.12: (a) PL spectra of undoped and Mn (1%) doped ZnO NPs, (b)  PL spectra of

Mn(1%) doped PVP(1%) capped ZnO NPs with and without UV  treatment for

3h excitation at 325nm.

Further both PL curves (with and without UV treatment) shows emission peaks at almost

same wavelength. However, the intensity of Mn (1%) doped and PVP (1%) capped ZnO

NPs after 3h UV treatment (curve (b)) is higher as compared to Mn (1%) doped and PVP

(1%) capped ZnO NPs without UV treatment. The increase in intensity is due to passivation

of surface defect after UV radiation. As the UV treatment increase the surface energy and

causes some decrease in particle size [25], so the surface to volume ratio of UV treated
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sample increases. Also the transition from hydrophobic to hydrophilic nature of the

treated sample has increased the degradation of CV dye.

4.3 TG capped undoped and Mn doped ZnO nanoparticles

4.3.1 XRD studies

The XRD pattern of TG (1.0%) capped undoped and Mn (0.5-2.0%) doped ZnO NPs

synthesized at natural pH is shown in Figure 4.13. The diffraction peaks corresponding to (1

0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), (2 0 0), (1 1 2) and (2 0 1) planes reveals a

highly crystalline hexagonal wurtzite structure (JCPDS No. 36-1451). There is no extra peak

corresponding to Mn, oxides of Mn or Mn related secondary and impurity phases in Figure

4.13 confirming that manganese has been incorporated to ZnO lattice rather than interstitial

ones. The average crystallite size is estimated by Debye- Scherer formula is 38nm for

undoped, 16 nm for Mn (0.5%), 13 nm for Mn (1.0%), 28 nm for Mn (1.5%) and 20 nm for

Mn (2.0%) doped and TG (1.0%) capped ZnO NPs.
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Figure 4.13: XRD pattern of Mn (0.5–2.0%) doped and TG (1.0%) capped ZnO NPs.
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4.3.2 TEM studies

TEM micrographs of Mn (1.0%) doped and TG (1.0%) capped ZnO NPs synthesized at

various pH values are shown in figure 4.14(a-d). It is clear from micrographs that Mn (1.0%)

doped ZnO NPs at different pH have spherical morphology. Figure 4.14(a) shows Mn (1.0%)

doped ZnO NPs synthesized at pH-6.7 have agglomerated spherical shape particles with

average particle size of 12-18nm. Mn (1.0%) doped ZnO NPs synthesized at pH-8.0, 10.0 and

12.0 as shown in Figure 4.14(b, c and d) also have agglomerated spherical particles with

average particle size lying between 10-15nm.

Figure 4.14: TEM images of Mn (1.0%) doped ZnO NPs synthesized at (a) pH-6.7 (b) pH-
8.0 (c) pH-10.0 and (d) pH-12.0.
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4.3.3 UV-Visible spectroscopy

Optical absorption spectroscopy of prepared undoped and Mn (0.5-2.0%) doped ZnO NPs is

performed by UV-Visible absorption spectroscopy at room temperature. Figure 4.15(a) shows

the absorption spectra of undoped and Mn (0.5-2.0%) doped ZnO NPs at natural pH i.e. at

pH-6.7 and Figure 4.15(b) shows the absorption spectra of Mn (1.0%) doped ZnO NPs at

various pH values i.e. at pH- 6.7 (natural pH), 8.0, 10.0 and 12.0. It can be seen from Figure

4.15(a, b) that there is strong excitonic absorption peak for all as prepared samples. Figure

4.15(a) shows the absorption peaks at 364nm, 358nm, 365nm, 364nm and 364nm for

undoped, Mn (0.5%), Mn (1.0%), Mn (1.5%) and Mn (2.0%) doped ZnO NPs respectively.

Figure 4.15(b) shows the absorption peak at 365nm, 367nm, 354nm and 371nm for Mn

(1.0%) doped ZnO NPs at pH-6.7, 8.0, 10.0 and 12.0 respectively. These peaks in all samples

are blue shifted in comparison to bulk ZnO having absorption peak at ~375nm [10]. All these

blue shifted peaks attributed to large exciton binding energy and good optical quality of

synthesized doped ZnO NPs. The weak absorption in all synthesized samples starts from

650nm and becomes strong around 360nm. The band gap has been calculated by using

Tauc’s formula. Figure 4.16(a & b) show the graphs between (αhν)2 and hν for undoped and

Mn (0.5-2.0%) doped ZnO NPs at natural pH and Mn (1.0%) doped ZnO NPs synthesized at

pH-6.7 (natural), 8.0, 10.0 and 12.0. The band gap values obtained are 3.20eV, 3.24eV,

3.00eV, 2.77eV and 3.13eV for undoped,  Mn (0.5%), Mn (1.0%), Mn (1.5%) and Mn (2.0%)

doped ZnO NPs synthesized at pH-6.7 and 3.28eV, 3.15eV and 3.05eV for Mn (1.0%) doped

ZnO NPs synthesized at pH- 8.0, 10.0 and 12.0 respectively.

Figure 4.15:.UV-Visible absorption spectra of (a) Mn (0.5-2.0%) doped ZnO NPs (b) Mn
(1.0%) doped ZnO NPs synthesized at different pH values.
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The band gap of doped ZnO NPs decreases as the doping concentration increases from 0.5%

to 1.5%. This decrease in band gap of doped ZnO NPs is because the d-electron of Mn (t2g

levels) can easily overlap with ZnO valence band and this results in decrease in effective

band gap [19]. So, the photocatalyst’s valence band gap can now be excited by visible light

radiations. However, when Mn doping concentration increases to 2.0%, the band gap

increases in comparison to other doped ZnO NPs and reaches to 3.13eV which may be

attributed to increase in doping concentration from optimum level as similar behavior has

been observed in vanadium doped ZnO NPs [20]. This may be due to carrier concentration,

structural parameter and defects due to oxygen vacancy which leads to Burstein Moss Shift

[21]. Also, the band gap values calculated for doped NPs synthesized at pH-10.0 and 12.0 are

significantly lesser than undoped ZnO NPs and thus may act as a better photocatalyst in UV-

Visible light radiations (discussed later).

Figure 4.16: Tauc’s plot for (a) Mn (0.5-2.0%) doped ZnO at pH-6.7 and (b) Mn (1.0%)
doped ZnO NPs synthesized at different pH values.

4.3.4 Photoluminescence studies

4.3.4.1 Excitation studies

Room temperature photoluminescence excitation spectra of undoped and Mn (1%) doped

ZnO NPs monitored at 468nm emission are shown in Figure 4.17. It has been found that

undoped ZnO NPs shows broad excitation peak at 307nm with small peak at 407nm. In

comparison to undoped ZnO NPs, Mn (1.0%) doped ZnO NPs shows sharp excitation peaks

in UV region lying at 302nm, 323nm and 378nm and one broad absorption peak in visible

region at 439nm. The broad absorption in between 370-450 nm comprises of three

absorptions, assigned to 6A1g(S) → 4A1g(G), 4 Eg(G) and 6A1g(S) → 4 T2g(G) transition [19].
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The broad absorption peak in visible region appear due to the energy levels created by Mn

atom in the host ZnO NPs. The relative absorption intensities of Mn doped and undoped ZnO

(IMn doped/undoped) are very high for the peaks considered around 307 nm and 439 nm.Thus PLE

spectra show that energy levels have been created by impurity (Mn) atoms in the host ZnO

samples therefore doped sample has better absorption in visible region as compared to

undoped ZnO NPs.

4.3.4.2 Emission studies

Photoluminescence emission spectra of undoped and Mn (1.0%) doped ZnO NPs in

powdered form which are synthesized at various pH values at 325nm excitation is shown in

Figure 4.18. Inset of Fig 4.18(a) shows magnified view of undoped ZnO NPs having strong

emission peaks both in UV and Visible region. The UV emission mainly originates from

near-band-edge (NBE) transitions in band gap of ZnO while the visible emission belongs to

defect states such as impurities and oxygen vacancies in ZnO.

Figure 4.17: PLE spectra of (a) Undoped and (b) Mn (1.0%) doped ZnO NPs at λem =
468nm.
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On the other side Mn (1.0%) doped ZnO NPs synthesized at different pH shows very weak

emission in UV region (380 nm) and strong emission in visible region (469 nm) along with

small peaks at 532 and 612 nm. Emission intensity in UV region w.r.t. visible region in Mn

doped NPs is very less as compared to undoped ZnO NPs. Thus incorporation of Mn ions

into ZnO lattice leads to partial quenching of the band edge emission of ZnO. Mn doped II-

VI nanomaterials generally emits fixed 590nm emission due to well-known d-d transitions

[6A1g(S)→4 T1g(G)] of Mn which lie in wide band gap of semiconductors [17,34]. In case of

Mn doped ZnO NPs this well-known 590nm emission is absent. This has already been

discussed in UV Visible absorption studies and earlier reports that d- states of Mn (t2g levels)

can easily overlap with ZnO valence band (V.B) and this results in quenching of 590nm

emission and results in decrease in effective band gap [19]. So overlap of one state (t2g) of

Mn with host V.B and presence of upper d state 6A1g(S) in band gap helps to dissociate

electron and hole wave function and decrease recombination. This is clear from PL studies

that with doping both band edge (380nm) of host ZnO decreases and d-d transitions (590nm)

of dopant Mn are absent. Weak blue emission lying at 469nm can be due to the

recombination of one d state 6A1g(S) of Mn and defect states of ZnO host [35].

Figure 4.18: PL emission spectra of (a) Mn (1.0%) doped ZnO NPs synthesized at pH-8.0,
10.0 and 12.0 at λex = 325 nm and (b) Variation of Mn doping concentration
with PL emission intensities.

Figure 4.18(b) shows that Mn (1.0%) doped NPs PL emission intensity is minimum which

suggests that at this optimum doping concentration electron hole recombination is minimum.

From Figure 4.18(a) it can be observed that emission peak intensity of optimum doped NPs
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further decreased with increase in pH value from 8.0 to 12.0. This might be due to further

reduction of recombination rate of electron and holes because Mn ions act as electron

scavenger and increased pH helps to decrease recombination which is discussed in

photocatalytic studies later.

4.3.5 Photocatalytic studies

Figure 4.19(a) shows the histogram representing the variations of doping concentration with

percentage degradation of CV for 1h only. It shows that under UV-Visible radiations 10.48%,

20.25%, 38.21, 66.10%, 42.26% and 52.35% of crystal violet has been degraded in 1 h

without using any photocatalyst, using undoped NPs, Mn (0.5, 1.0, 1.5 and 2.0%) doped ZnO

NPs as a different photocatalyst respectively.

Figure 4.19: (a) Histogram for percentage degradation of CV dye at different conditions
under UV-Visible radiations for 1h. Change in optical absorption spectra of
CV dye aqueous solution (10 mg/L) with (b) undoped and (c) Mn (1.0%)
doped ZnO NPs.
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Thus maximum degradation has been achieved by Mn (1.0%) doped ZnO NPs. For complete

degradation studies, the photocatalytic activity of as synthesized undoped, Mn (1%) doped

and Mn (2%) doped ZnO NPs were evaluated by degradation of CV dye molecules under

UV-Visible irradiations because of their better photocatalytic activity in 1h. This dye was

used as a test contaminant owing to its absorption peaks in visible range and its degradation

can be easily monitored by optical absorption spectroscopy. The changes in optical

absorption spectra of CV dye with undoped and Mn (1.0%) doped ZnO NPs synthesized at

pH- 6.7 is shown in Figure 4.19(b, c). The spectra have been taken after 30min. intervals after

exposing the solution under UV-Visible light. The intensity of absorption spectra decreases

as the exposing time increases from 0 to 3h. The intensity of main peak lying at 589nm

decreases due to degradation of CV dye.

Figure 4.20(a) shows the change in concentration of CV dye as a function of irradiation time

for the dye derivatives in absence and presence of undoped, Mn (1.0%) and Mn (2.0%) doped

ZnO NPs. Here ‘C’ is the concentration of CV determined at λmax of absorption and ‘C0’ is

initial concentration. Figure 4.20(b) shows the percentage degradation of CV dye under

different conditions. It shows that 22% of CV dye dissolved in water disappears in 3h of UV-

Visible radiations in the absence of any photocatalyst. This smaller degradation of CV dye

might be due to the interaction between OH. radical generated from water molecules and

CV dye. 40% of CV dye has been degraded with undoped ZnO NPs. Photocatalytic activity

of undoped ZnO NPs are due to defect states caused by donor and acceptor states such as

oxygen vacancies, interstitial zinc atom and zinc vacancies and interstitial oxygen

respectively. Interfacial electron transfer takes place between donor state and CV dye. As CV

dye is cationic in nature so it acquire electron from donor excited state and get decomposed.

Figure 4.20(b) shows 92.6% and 69.7% of CV dye degraded with Mn(1.0%) and Mn (2%)

doped ZnO NPs synthesized at pH- 6.7 when exposed to UV-Visible light radiations for 3h.

Thus photocatalyst is necessary for photocatalytic reaction. Mn doped ZnO samples have

shown better degradation as compare to undoped ZnO NPs. As discussed earlier in excitation

and emission spectroscopy studies Mn doping in ZnO NPs modify the energy band of ZnO,

through the creation of localized Mn dopant energy levels within the bandgap. Under UV-

visible light illumination, the photogenerated electrons could easily transfer from the VB of

ZnO to the localized Mn energy levels, along with the d-d transitions between the Mn dopant

energy levels. The excited electrons were readily trapped in these Mn dopant sites, while the
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Figure 4.20: (a) Photodegradation of CV under different conditions (b) extent of
decomposition of CV with respect to time intervals  (c) first order  kinetics of
CV degradation with and without photocatalyst and (d) second order kinetics
of CV dye degradation with Mn (2.0%) doped ZnO NPs synthesized at pH-
6.7 under UV–Visible radiations.

photogenerated holes were left in the valence band of ZnO and migrated to the surface of

doped NPs, yielding active hydroxyl radical species to decompose the CV dye. As discussed

above in excitation and emission studies there is considerable shift in excitation and emission

spectra by addition of Mn dopant ions in host ZnO NPs. Therefore, the incorporation of Mn

dopant ions in ZnO NPs act as effective trapping sites. The photogenerated electrons and

holes can be efficiently separated and the recombination of these charge carriers has been

greatly inhibited which results in the improved photocatalytic activities [36]. Mn (1.0%)

doped ZnO NPs has shown better photocatalytic activity than Mn (2.0%) doped ZnO sample.
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It may be due to smaller particle size (confirmed from XRD) as compared to Mn (2.0%)

doped ZnO photocatalyst. The surface to volume ratio for Mn (1.0%) doped ZnO NPs is

higher and activity of photocatalyst depends upon the adsorption amount of dye molecules on

the surface of the photocatalyst. Also the effective band gap of Mn (1.0%) doped ZnO sample

is smaller than Mn (2.0%) doped ZnO NPs (discussed earlier). This also increases the

photocatalytic efficiency of Mn (1.0%) doped ZnO sample under exposure of UV-Visible

light radiations. The photocatalytic decomposition of CV dye on the surface of ZnO NPs

follows a pseudo first and second-order kinetic law, which can be expressed by following

equations as,

-ln (C/C0) = K1t ……(4.4)

t/C = 1/K2C0
2 + t/ C0 ……(4.5)

Where C and C0 are the reactant concentration at time t = t and t = 0, respectively. K1, K2 and

t are the pseudo-first and second-order rate constants (reaction rate constant) and time,

respectively [22, 37]. The relationship between –ln (C/C0) and irradiation time (Reaction

time) for first order and t/C and irradiation time for second order are shown in Figure 4.20(c,

d) respectively. Rate constants (K1 and K2) and regression coefficient (R) for degradation of

CV dye with and without catalysts are summarized in Table 4.2. It shows that Mn (2.0%)

doped ZnO NPs follows second order kinetics. Also the photoreaction rate is highest for Mn

(1.0%) doped ZnO NPs and is least for CV dye under UV-Visible radiations only. This shows

that Mn (1.0%) doped ZnO NPs shows highest photocatalytic performance among all

synthesized photocatalysts.

4.3.6 Effect of pH on photocatalysis

Since the waste water from textile industries have wide range of pH values and it is very

difficult to study the pH of waste water from industries at each time and adjust the

photocatalytic reaction. To optimize the type of photocatalyst according to waste water pH,

many groups have studied the effect of pH by varying the pH of dye solution with addition of

acids and bases [38, 39] till now no one has synthesized Mn doped ZnO NPs at variable pH

and studied their effect on photodegradation of dyes, so attempts have been made to optimize

doping and pH of Mn doped ZnO NPs during synthesis of NPs to achieve maximum

degradation of dye under UV-Visible light radiations. At this point it is important to mention

that pH of photocatalytic reaction is constant (neutral) in all experiments with samples having

different pH during synthesis of NPs. But they show considerable effect of photocatalytic
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reaction. As Mn (1.0%) doped ZnO NPs synthesized at pH-6.7 (natural) exhibit higher

percentage of photodegradation of CV dye, therefore this category of sample has been

selected for further study by varying the pH so that both doping and pH effect can be studied

simultaneously. Mn (1.0%) doped ZnO NPs have been synthesized at pH 8.0, 10.0 and 12.0

to study the effect of pH on photocatalytic degradation studies. Figure 4.21(a) shows the

decrease in concentration of CV dye when exposed to UV-Visible radiations in the presence

of Mn (1.0%) doped ZnO NPs prepared at pH-8.0, 10.0 and 12.0. Percentage degradation of

CV dye under similar conditions is shown in Figure 4.21(b). It indicates that 95% and 98.3%

CV dye has been degraded with Mn (1.0%) doped ZnO NPs at pH-8.0 and 10.0 respectively

in 3h of UV-Visible exposure of radiations. However, 99.8% of CV dye has been degraded

with Mn (1.0%) doped ZnO NPs synthesized at pH-12 after 2.5h of exposure of UV-Visible

radiations.

Thus higher degree of CV dye degradation has been obtained at higher pH value at lower

irradiation time. The linear relationship between –ln(C/C0) and irradiation time for first order

and t/C and irradiation time for second order is shown in Figure 4.21(c, d) respectively. The

pseudo-first-order rate constant (K) and regression coefficient (R) for degradation of CV dye

with Mn (1.0%) doped ZnO NPs at different pH valued are summarized in Table 4.2. The

zero point charge of  ZnO ( pHzpc ) has been reported to be 9.0 [40] and the surface functional

groups of ZnO are ZnOH2
+, ZnOH and ZnO– at pH < pHzpc , pHzpc and pH > pHzpc

respectively. As zero point charge (pHzpc) of ZnO is 9.0, so at pH-10.0 (pH > pHzpc ) ZnO

surface is anionic in nature which is further more anionic at pH-12.0 and CV dye is cationic

in nature, so there is weak interaction, normal interaction and strong interactions between CV

dye and Mn (1.0%) doped NPs synthesized at pH 8.0, 10.0 and 12.0 respectively. Therefore,

greater dye molecule will adsorb on photocatalyst surface at pH-12.0 than at pH-8.0 and 10.0.

Also higher photodegradation efficiency at higher pH is due to the main reaction presented by

hydroxyl radical attack, which can be highly favored by the high concentration of adsorbed

hydroxyl groups at high pH values [41]. Further to check the photodegradation efficiency of

as synthesized Mn (1.0%) doped ZnO NPs at pH-12.0, the CV dye solution has been prepared

at pH-2.0 (acidic medium) and 10.0 (basic medium) with the addition of HNO3 and NaOH.

The CV solution at pH-2.0 and 10.0 has been degraded with Mn (1.0%) doped ZnO NPs

synthesized at pH-6.7 and 12.0. Figure 4.21(e) shows the percentage degradation of CV dye

solution at different pH values under UV-Visible light in the presence of Mn (1.0%) doped

ZnO NPs synthesized at pH-6.7 and 12.0. It shows that the 31.6% and 77% CV dye solution
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Figure 4.21: (a) Photodegradation of CV dye (b) Extend of decomposition of CV dye  (c)
First order kinetics of CV degradation with Mn (1.0%) doped ZnO NPs
synthesized at pH- 8.0, 10.0 and 12.0. (d) Second order kinetics of CV
degradation with Mn (1%) doped ZnO NPs at pH-12.0 and (e) extend of
decomposition of CV dye solution at pH-2.0 and 10.0 with Mn (1.0%) doped
ZnO NPs synthesized at pH- 6.7 and 12.0.

at pH-2.0 and 10.0 has been degraded with Mn (1.0%) doped ZnO NPs synthesized at pH-6.7

and 90.4% and 96.0% CV dye has been degraded with Mn (1.0%) doped ZnO NPs

synthesized at pH-12.0 in 150 minutes of UV-Visible light radiations. Thus Mn doped ZnO

sample synthesized at pH-12.0 has efficiently degraded the CV dye in acidic, neutral and
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basic medium. These results confirm the utility of these NPs for degradation of waste water

effluents from industries.

4.3.7 Effect of H2O2 on photocatalysis

As discussed above, doping and pH has dominant effect on photocatalysis of CV dye. In

order to further enhance the degradation rate, the effect of H2O2 has been investigated so that

effect of doping, pH and H2O2 could be studied simultaneously. The minimum amount of

H2O2 (1.0%) has been added to 100mL slurry solution (dye and ZnO nanopowder). Figure

4.22(a) shows decrease in concentration of CV dye when exposed to UV-Visible light in the

presence of H2O2 along with and without Mn (1.0%) doped ZnO NPs synthesized at different

pH values. Percentage degradation of CV dye under similar conditions is shown in Figure

4.22(b). It shows that more than 82% of CV dye has been degraded in 2h with H2O2 only

under UV-Visible radiations. More than 90% and almost 100% CV dye has been degraded in

1.5h in the presence of Mn (1.0%) doped ZnO NPs synthesized at pH-8.0 and 10.0

respectively. However, very quick degradation has been observed with Mn (1.0%) doped

ZnO NPs synthesized at pH-12 along with H2O2. It has been found that 99% dye has been

degraded in 20min. and 100% CV dye has been degraded 30 min. respectively. The linear

relationship between –ln(C/C0) and irradiation time shows the first order and for t/C and

irradiation time shows the second order reaction which is shown in Figure 4.22(c, d). The

pseudo-first and second-order rate constants and regression coefficients (R) for degradation

of CV dye in the presence of H2O2 without and with Mn (1.0%) doped ZnO NPs at different

pH valued are summarized in Table 4.2. The photoreaction rate is higher for Mn (1.0%)

doped ZnO NPs synthesized at pH-12.0 as compared to others. Change in color of CV dye

using Mn (1.0%) doped ZnO NPs synthesized at pH-12.0 in the presence of H2O2 for 0min

and 30min under UV-Visible light radiations is shown in Figure 4.22(e). It shows that color

of CV dye has been changed from violet to colorless after 30mins. This change in color

shows that dye has been degraded. The degradation of CV dye with H2O2 only is due to direct

photocatalysis of H2O2 by UV-Visible light radiations that can generate free radicals. Also

H2O2 is suggested to be better electron acceptor than oxygen. As hydroxyl radicals are strong

oxidizing agents and hence play significant role in degradation of dyes.

Further to check the photocatalytic activity of Mn (1.0%) doped ZnO NPs at pH-12.0 in the

presence of H2O2, anionic industrial polyazo Sirius red F3B (SRF3B) dye has been degraded.

Change in concentration and percentage degradation of SRF3B dye has been shown in Figure
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4.24. It indicates very fast and quick degradation of SRF3B dye under UV-Visible light

radiations.

Figure 4.22: (a)Change in concentration (b) Percentage degradation and (c) first order
kinetics of degradation of CV dye under the exposure of UV-Visible light radiations with and
without synthesized photocatalyst at different pH values (d) second order kinetics of CV dye
with Mn (1.0%) doped ZnO at pH-8.0 in the presence of H2O2 and (e) Change in color of CV
dye with Mn (1.0%) doped ZnO NPs synthesized at pH-12 in the presence of H2O2 under
UV-Visible light radiations after 0mins and 30mins.
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100% degradation of SRF3B dye has been achieved within 15mins under exposure of UV-

Visible light radiations. Thus highly efficient photocatalyst has been synthesized for

degradation of both cationic and anionic dyes in industrial effluents to reduce water pollution

and to save aquatic life.

Table 4.2: Reaction rate constant of crystal violet without catalyst, undoped, Mn (0.5%,
1.0%, 1.5% and 2.0%) doped and TG (1.0%) capped ZnO NPs synthesized at pH-
8.0, 10.0 and 12.0.

S.
No.

Concent-
ration of

CV
(mg/L)

Catalyst
type

pH of
photoc

-
atalyst

Pseudo-first order Pseudo-second
order

Rate of
reaction

(K1) min-1
R2

Rate of
reaction

(K2)
min-1

R2

1 10 No catalyst ----- 0.00057 0.9669 ----- -----

2 10 Undoped ZnO 6.7 0.00107 0.9477 ----- -----

3 10 Mn (1.0%) ZnO 6.7 0.00631 0.9756 0.00027 0.5171

4 10 Mn (2.0%) ZnO 6.7 0.0026 0.8788 0.0016 0.9779

5 10 Mn (1.0%) ZnO 8.0 0.01613 0.9297 ----- -----

6 10 Mn (1.0%) ZnO 10.0 0.02125 0.9330 ----- -----

7 10 Mn (1.0%) ZnO 12.0 0.02494 0.8852 0.0186 0.9728

8 10
No Catalyst

H2O2
----- 0.01385 0.9854 ----- -----

9 10 Mn (1.0%) ZnO H2O2 8.0 0.09493 0.8485 0.0015 0.90651

10 10 Mn (1.0%) ZnO H2O2 10.0 0.09955 0.9761 ----- -----

11 10 Mn (1.0%) ZnO H2O2 12.0 0.20064 0.9377 ----- -----
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Figure 4.23: Change in concentration and percentage degradation of Sirius red F3B dye
using Mn (1.0%) doped ZnO NPs at pH-12.0 in the presence of H2O2 under
UV-Visible light radiations.

The possible mechanism of photocatalysis is shown in Figure 4.24. It shows when a

photocatalyst is irradiated with light source of photon energy greater than its band gap energy

then it promotes an electron from valance band to conduction band and generates an electron-

hole pair. Also, the overlapping of one state (t2g) of Mn with host V.B and presence of upper

d state 6A1g(S) in band gap helps to dissociate electron and hole wavefunction and decrease

recombination. These electrons and holes so produced migrate to the surface of the

photocatalyst and start oxidation and reduction reactions with the dye adsorbed on the surface

of the photocatalyst. Here pH of as synthesized NPs performs a vital role. At higher pH value

there is strong interactions between the dye and the photocatalyst surface and thus allow

enough amount of dye to get adsorbed on the surface of the photocatalyst. Doping of Mn ions

act as scavengers as it reacts with superoxide species and prevents the electron-hole

recombination.
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Figure 4.24: Schematic illustration of a proposed photocatalytic mechanism of Mn doped
ZnO NPs synthesized at pH-12.0.

Thus the electron in the conduction band and hole in the valance band generated superoxide

anion radical and hydroxyl free radical by following reactions:

+ . ……(4.6)

+ OH- .OH ……(4.7)

Thus generated strong oxidizing agents efficiently degrade the dye. Further, the addition of

H2O2 to optimal doped sample at pH-12.0 produces strong oxidizing hydroxyl radical as:

H2O2 + .OH + OH- ……(4.8)

H2O2 + . .OH + OH- + O2 ……(4.9)

H2O2 + hν 2.OH ……(4.10)

So in Mn (1.0%) doped ZnO NPs, Mn reduces electron–hole recombination which help H2O2
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Figure 4.24: Schematic illustration of a proposed photocatalytic mechanism of Mn doped
ZnO NPs synthesized at pH-12.0.

Thus the electron in the conduction band and hole in the valance band generated superoxide

anion radical and hydroxyl free radical by following reactions:

+ . ……(4.6)

+ OH- .OH ……(4.7)

Thus generated strong oxidizing agents efficiently degrade the dye. Further, the addition of

H2O2 to optimal doped sample at pH-12.0 produces strong oxidizing hydroxyl radical as:

H2O2 + .OH + OH- ……(4.8)

H2O2 + . .OH + OH- + O2 ……(4.9)

H2O2 + hν 2.OH ……(4.10)

So in Mn (1.0%) doped ZnO NPs, Mn reduces electron–hole recombination which help H2O2
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to generate higher amount of hydroxyl radicals. Also pH plays significant role for producing

strong oxidizing agents. Therefore this two way process generate strong oxidizing agents

causes faster degradation of CV dye in the presence of photocatalysts synthesized at different

pH values. Thus doping, pH and presence of H2O2 appears to be promising factors for quick

degradation of CV dye.

4.4 TG capped undoped and Cu doped ZnO nanoparticles

4.4.1 XRD studies

The XRD diffraction peaks of undoped and Cu (1.0 -5.0%) doped ZnO NPs synthesized at

pH-8.0 is shown in Figure 4.25(a).

Figure 4.25: (a) XRD pattern and (b) Peak shift of Undoped and Cu (1.0% - 5.0%) doped
ZnO NPs.

The diffraction peaks corresponding to (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), (2 0

0), (1 1 2) and (2 0 1) planes reveal a highly crystalline hexagonal wurtzite structure

(ICDD No. 36-1451) and there is no extra peak corresponding to Cu, oxides of Cu or Cu

related secondary and impurity phases in Figure 4.25(a) which confirm that Cu has been
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incorporated to ZnO lattice site rather than interstitial ones. The average crystallite size is

estimated by Debye-Scherer formula. The average calculated crystallite size is 38nm for

undoped, 32nm for Cu (1.0%), 14nm for Cu (2.0%), 12nm for Cu (3.0%) doped, 12nm

for Cu (4.0%) doped and 23nm for Cu (5.0%) doped ZnO NPs. To check the occupancy of

Cu into the lattice of ZnO, we have selected most dominant (1 0 0), (0 0 2) and (1 0 1) peaks

of undoped and Cu doped NPs from Figure 4.25(b). A careful comparison of diffraction

peaks in the range of 2θ = 31.0o - 38.0° (Figure 4.25(b)) shows that the peak position of Cu

(3.0%) doped ZnO NPs is shifted towards larger 2θ value as compared to undoped ZnO NPs.

This shift is attributed to the shrinkage of ZnO crystal lattice due to the substitution by

smaller Cu2+ (0.057 nm) on Zn2+ (0.06nm) site [41].

The substitution of Cu dopant would affect the concentration of interstitial Zn, oxygen

vacancies and Zn vacancies [43]. A very small shift in diffraction peak position to the higher

angle for Cu (3.0%) NPs are observed and the broadening of diffraction peaks are noticed

with increase in Cu doping concentration from Cu (1.0-4.0%). This small change in

diffraction peaks position and broadening indicates that Cu has been incorporated in the ZnO

lattice with no change in crystal lattice.

4.4.2 TEM and EDS studies

TEM micrographs of Cu (3.0%) doped ZnO NPs synthesized at various pH are shown in

Figure 4.26(a, b & c). It is clear from micrographs that Cu (3.0%) doped ZnO NPs

synthesized at different pH shows spherical and hexagonal morphology. In Figure 4.26(a), Cu

(3.0%) doped ZnO NPs synthesized at pH-8.0 shows agglomerated spherical particles with

average particle size of 15-25nm. Cu (3.0%) doped ZnO synthesized at pH-10.0 and 12.0

shows hexagonal and spherical morphology with average particle size lying between 20-

35nm and 22-38nm respectively (Figure 4.26(b & c)). Figure 4.27(a-f) shows Energy

dispersive spectroscopy (EDS) of undoped and Cu (1.0% -5.0%) doped ZnO NPs. It clearly

shows that the intensity of Cu increases with increasing Cu incorporation in ZnO lattice.

Table 4.3 summarizes the elemental compositional data derived from Figure 4.27(a-f). The

measurements confirmed the presence of the main constituents Zn, O and Cu in undoped and

Cu doped samples respectively.
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Figure 4.26: TEM images of Cu (3.0%) doped ZnO NPs synthesized at (a) pH-8.0 (b) 10.0
and (c) pH-12.0.

(c)
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Figure 4.27: Energy dispersive spectra of (a) undoped (b) Cu (1.0%) doped (c) Cu (2.0%)
doped (d) Cu (3.0%) doped (e) Cu (4.0%) doped and (f) Cu (5.0%) doped ZnO
NPs.
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Table 4.3: Elemental composition of undoped and Cu doped ZnO NPs.

S.No. Sample Elements Weight% Atomic%

1 ZnO
O 21.05 52.14
Zn 78.95 47.86

2 ZnO:Cu(1.0%)
O 19.67 50.00
Zn 78.09 48.57
Cu 2.24 1.43

3 ZnO:Cu(2.0%)
O 19.69 50.00
Zn 76.08 47.29
Cu 4.23 2.71

4 ZnO:Cu(3.0%)
O 19.69 50.00
Zn 76.02 47.26
Cu 4.29 2.74

5 ZnO:Cu(4.0%)
O 19.69 50.00
Zn 75.14 46.70
Cu 5.17 3.30

6 ZnO:Cu(5.0%)
O 19.70 50.00
Zn 73.55 45.69
Cu 6.75 4.31

4.4.3 UV-Visible spectroscopy

Optical absorption spectroscopy of prepared undoped and Cu (1.0-5.0%) doped ZnO NPs

is performed by UV-Visible absorption spectroscopy at room temperature. Figure 4.28(a)

shows UV-Visible absorption spectra of as prepared samples synthesized at pH-8.0 and

Figure 4.28(b) shows absorption spectra of Cu (3.0%) doped ZnO NPs synthesized at pH-

10.0 and 12.0. It can be seen in Figure 4.28(a & b) that there is strong excitonic absorption

peak in all samples. Fig 4(a) shows absorption peak at 364nm, 356nm, 352nm, 356nm,

356nm and 350nm for undoped, Cu (1.0%), Cu (2.0%), Cu (3.0%), Cu (4.0%) and Cu

(5.0%) doped ZnO NPs respectively. Figure 4.28(b) shows absorption peak at 360nm for both

Cu (3.0%) doped ZnO NPs synthesized at pH-10.0 and 12.0. These peaks are attributed to large

exciton binding energy and good optical quality of synthesized NPs. Also peaks in all samples are

blue shifted in comparison to bulk ZnO having absorption peak at ~375nm [10]. The weak

absorption starts from 650nm which becomes strong around 350nm. From Figure 4.28(a &

b), it can be observed that all Cu doped NPs shows better absorption of visible light as

compared to undoped NPs.
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Figure 4.28: UV-Visible absorption spectra of (a) undoped and Cu (1.0% - 5.0%) doped
synthesized at (a) pH-8.0 (b) Cu (3.0%) doped ZnO NPs synthesized at pH-
10.0 and 12.0 touc’s plot for (c) undoped and Cu (1.0% - 5%) doped ZnO NPs
synthesized at pH-8.0 and (d) Cu (3.0%) doped ZnO NPs synthesized at pH
10.0 and 12.0.

Further band gap has been calculated by using Tauc’s formula. Figure 4.28(c & d) shows

the graphs between (αhν)2 and hν for undoped and Cu (1.0% –5.0%) doped ZnO NPs. The

exact band gap values has been found to be 3.24 eV, 3.09 eV, 2.89 eV, 2.93 eV, 2.73 eV and

3.19 eV for undoped, Cu (1.0%), Cu (2.0%) , Cu (3.0%) , Cu (4.0%) and Cu (5.0%) doped

ZnO NPs synthesized at pH-8.0. The calculated band gaps for NPs synthesized at pH 10.0

and 12.0 are 3.24eV and 3.31eV respectively. It can be seen that all Cu doped ZnO samples

at pH-8.0 have an optical energy band gap lower than that of undoped ZnO. The band gap

value of undoped ZnO is 3.24 eV. It has been observed that band gap of doped ZnO NPs

decreases as the Cu doping concentration increases from 1.0 to 4.0%. After this when Cu

doping concentration increases to 5.0%, the band gap again increases to 3.19 eV, which is
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slightly less compared to undoped ZnO NPs. This decrease in band gap for Cu (1.0 - 4.0%)

doped NPs correspond to p - d spin exchange interactions between the band electrons and the

localized d electrons of doped Cu metal [44]. Moreover, decrease in band gap is attributed to

the merging of an impurity band into conduction band [45]. Thus the red shift in Cu doped

samples confirms the uniform incorporation of Cu in ZnO lattice.

4.4.4 Photoluminescence studies

4.4.4.1 Excitation studies

Photoluminescence excitation spectra (PLE) of undoped and Cu (3.0%) ZnO NPs monitored

at 468nm emission is shown in Figure 4.29(a). It has been found that undoped ZnO NPs

(Figure 4.29(a) Inset) shows absorption at 307nm and very weak absorption at 407nm. In

comparison to undoped NPs, Cu (3.0%) doped sample shows small absorption peaks in UV

region at 300nm, 325nm and 375nm and strong absorption peaks in visible region at 398nm,

404nm, 417nm and 425nm. These high intensity absorption peaks in visible region are due to

the presence of energy levels created by impurity (Cu) atoms in host ZnO NPs. The relative

absorption intensities of Cu doped and undoped ZnO (ICu doped /undoped) are 3.5 in UV region

and 48 in visible region for peaks considered around 307nm and 418nm respectively. Thus

PLE spectra indicates that Cu doped samples have large absorption in visible region than

undoped ZnO NPs.

4.4.4.2 Emission studies

To reveal the effect of Cu doping, PL measurement of undoped and Cu (1.0-5.0%) doped

ZnO NPs has been carried out at room temperature. Figure 4.29(b) shows the PL spectra of

undoped and Cu (3.0%) doped ZnO NPs synthesized at pH-8.0. Inset of Figure 4.29(b) shows

the magnified view of PL spectra of undoped ZnO NPs. It shows emission peaks in UV and

visible region located at 387nm and at 468nm, 487nm, 529nm and 543nm respectively. The

UV emission originates from the near-band-edge (NBE) transition in band gap of ZnO, which

is due to exciton transition from localized levels below conduction band to the valance band

[46], while the visible emission belongs to defect states (such as impurities and oxygen

vacancies) in ZnO [47]. The major peak for Cu doped ZnO NPs at 465nm is also present in

undoped NPs which according to literature reports is attributed to intrinsic defects of oxygen

and zinc interstitials [48]. But in our case this peak is 15.5 times enhanced in comparison to

undoped NPs. This shows Cu ions have contributed significantly in enhancing this emission
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peak in visible region. The relative intensity of various peaks {from Figure 4.29(b)} for

doped and undoped ZnO NPs are as follows:

Idoped/undoped is 8.0, 6.3, 15.5 and 6.0 for peaks around 390, 415, 465 and 529nm respectively.

From Figure 4.29(c) it has been found that the luminescence intensity is maximum for Cu

(3.0%) doped NPs because of better doping of Cu at 3.0 at.% as confirmed by XRD and EDS

analysis discussed earlier.
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Figure 4.29: PLE spectra of (a) undoped and Cu (3.0%) doped ZnO NPs at λem = 468nm and
PL spectra of (b) undoped and Cu (3.0%) doped ZnO NPs and (c) Cu (1.0-5.0%)
doped ZnO NPs at λex= 325nm.
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doped ZnO NPs at λex= 325nm.
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4.4.5 Photocatalytic Studies

The photocatalytic degradation of CV dye in the presence of undoped and doped ZnO NPs

synthesized at pH-8.0 were investigated under UV-Visible irradiation. This dye was used as a

test contaminant owing to its absorption peaks in the visible range and thus its degradation

can be easily monitored by optical absorption spectroscopy. The change in optical absorption

spectra of CV dye with undoped and Cu (3.0%) doped ZnO synthesized at pH-8.0 under UV-

Visible irradiations for different time intervals is shown in Figure 4.30. These spectra have

been taken at different intervals after exposing the solution under UV-Visible light. The

intensity of absorption spectra decreases as the exposing time increases from 0 to 3.5h. The

intensity of main peak decreases due to degradation of CV dye.

Figure 4.30: Absorption spectral changes of crystal violet dye aqueous solution (10 mg/L)
degraded by (a) Undoped (b) Cu (3.0%) doped ZnO NPs synthesized at pH-8.0.

Figure 4.31(a) shows the change in concentration of CV dye as a function of irradiation time

for the dye derivative in absence and presence of undoped and Cu (1.0-5.0%) doped ZnO

NPs (C is the concentration of CV determined at λmax of absorption and C0 is initial

concentration). Figure 4.31(b) shows percentage decrease in concentration of CV dye over

time under different conditions. It shows that only 25.2% of CV dye dissolved in water

disappears after 3.5h of UV-Visible radiations without any photocatalyst. This smaller

degradation of CV dye might be due to the interaction between OH˙ radical generated from

water and CV dye. 48.19% of CV dye degraded with undoped ZnO NPs. Photocatalytic

activity of undoped ZnO NPs is due to defect states caused by donor and acceptor states such

as oxygen vacancies, interstitial zinc atom and zinc vacancies and interstitial oxygen



Chapter 4 Results and Discussion Page 92

respectively. Interfacial electron transfer take place between donor states and CV dye. CV

dye as a cationic dye acquire electron from excited donor states and get decomposed. Figure

4.31(b) shows 51.5%, 60.7%, 78.7%, 75.7% and 59.4% of CV dye degraded with Cu (1.0%),

Cu (2.0%), Cu (3.0%), Cu (4.0%) and Cu (5.0%) doped ZnO NPs synthesized at pH-8.0

when exposed to UV-Visible radiations for 3.5h. From this it can be concluded that

degradation of CV dye increases from 51.5% to 78.7% for Cu (1.0%) to Cu (3.0%),

afterwards it reduces for higher Cu doping concentration. This is because ZnO act as a source

of electrons and holes. The dopant Cu atoms and donor states (oxygen vacancy/ defects) act

like a sink to electron and hole pairs which decreases the electron-hole pair recombination

that results higher production of OH• radicals [49]. This results in greater decomposition of

CV dye using Cu doped ZnO NPs. Here Cu (3.0%) doped ZnO shows higher degree of

degradation of CV dye over other doped ZnO NPs because higher concentration of Cu doping

also shows negative effect. It creates a cyclic process without generating active OH˙ radicals

[50]. Since Cu (3.0%) has smaller particle size (confirmed from XRD studies shown above)

as compared to other Cu doped ZnO NPs at pH-8.0. Therefore, surface to volume ratio for Cu

(3.0%) doped ZnO NPs is higher as compared to other doped ZnO NPs and activity of

photocatalyst depends on the adsorption amount of dye molecules on the surface of the

photocatalyst. Also, Cu (3.0%) doped sample shows better PL emission intensity in visible

region as compared to other doped and undoped samples which attribute better degradation of

CV dye. The photocatalytic decomposition of CV dye on the surface of ZnO NPs also

follows a pseudo first-order kinetic law, and can be expressed as,

−ln(C/C0) = Kt ……(4.11)

where C and C0 are the reactant concentration at time t = t and t = 0, respectively. K and t are

the pseudo-first-order rate constant (reaction rate constant) and time, respectively [22]. The

relationship between –ln (C/C0) and irradiation time (Reaction time) are shown in Figure

4.31(c).
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Figure 4.31:(a) Photodegradation of crystal violet under different conditions (b) Extent of
decomposition of CV dye with respect to time intervals and (c) Kinetics of CV
dye degradation with and without photocatalyst synthesized at pH-8.0 under
UV-Visible radiations.

It is obvious that there exists a linear relationship between –ln (C/C0) and irradiation time.

The pseudo-first-order rate constant (K) and linear regression coefficient (R) for degradation

of CV dye without catalyst, undoped ZnO, Cu (1.0 – 5.0%) doped ZnO NPs are summarized

in Table 4.4. It shows that photoreaction rates are highest for Cu (3.0%) doped ZnO NPs at

pH-8.0 and is least for without any catalyst under UV-Visible radiations. The higher value of

first order rate constant demonstrates higher photocatalytic performance. Thus Cu (3.0%)

doped ZnO NPs at pH-8.0 shows highest photocatalytic performance among all synthesized

photocatalysts.
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Table 4.4: Reaction rate constant of crystal violet without catalyst, undoped, Cu (1.0%,
2.0%, 3.0%, 4.0%  and 5.0%) doped and TG (1.0%) capped ZnO NPs at pH-8.0.

Experiment

Concentration
of crystal
violet dye

(mg/L)

Catalyst
concentration

(0.25g/100 mL)
pH

K,
min-1

(rate
constant)

R2

1 10 Without catalyst 8.0 0.00129 0.97501
2 10 Undoped ZnO 8.0 0.00271 0.95297
3 10 Cu (1.0%) doped ZnO 8.0 0.00306 0.96669
4 10 Cu (2.0%) doped ZnO 8.0 0.00448 0.96336
5 10 Cu (3.0%) doped ZnO 8.0 0.00746 0.96625
6 10 Cu (4.0%) doped ZnO 8.0 0.00706 0.96458
7 10 Cu (5.0%) doped ZnO 8.0 0.004 0.97789
8 10 Cu (3.0%) doped ZnO 10.0 0.01712 0.98822
9 10 Cu (3.0%) doped ZnO 12.0 0.03943 0.98066

4.4.6 Effect of pH on photocatalytic properties

Owing to amphoteric behavior of most semiconductors, the pH also affect the photocatalytic

process of various pollutants and thus is an important parameter in the reaction taking place

on semiconductor surface. Earlier it has been reported that by that variation in pH of dye

solution effects the degradation efficiency of photocatalyst synthesized at constant pH

[51,39]. But in our case photocatalytic degradation has been studied by varying the pH of as

synthesized Cu doped ZnO NPs instead of varying the pH of dye solution during every

experiment. As at pH-8.0, Cu (3.0%) doped  ZnO NPs exhibit higher percentage of

photodegradation of CV dye, therefore this category of sample has been selected for further

study by varying the pH so that both doping and pH effects can be studied simultaneously.

Cu doped ZnO NPs synthesized at pH-8.0, 10.0 and 12.0 has been prepared to study the

effect of pH on photocatalytic degradation studies. Figure 4.32(a) indicates the decrease in

concentration of CV dye when exposed under UV-Visible radiations in the presence of Cu

(3.0%) doped samples synthesized at pH- 8.0, 10.0 & 12.0. Percentage degradation of CV

dye using Cu (3.0%) doped ZnO NPs at various pH are shown in Figure 4.32(b). From this

figure it is clear that 78.7% and 96.5% CV dye has been degraded with Cu (3.0%) doped ZnO

NPs at pH-8.0 and 10.0 respectively after 3.5h of UV-Visible exposure of radiations.

However, almost 100% CV dye has been degraded with Cu (3.0%) doped ZnO NPs

synthesized at pH-12.0 and that too only after 2.5h of UV-Visible irradiation. Thus higher

degree of CV dye degradation has been obtained at much lower irradiation time. Figure
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4.32(c) shows the change in color of CV dye when exposed to UV-Visible radiations from 0-

2.5h with Cu (3.0%) doped ZnO NPs synthesized at pH-12.0. The color of CV changes from

violet to colorless after 2.5h. This change in color of CV shows that dye has been degraded to

100%.

Figure 4.32: (a) Photodegradation of CV dye with Cu (3.0%) doped ZnO NPs and (b) Extend
of decomposition of CV dye with respect to time intervals with Cu (3.0%)
doped ZnO synthesized at  pH-8.0, 10.0 and 12.0 (c) Change in color of crystal
violet dye with Cu (3.0%) doped ZnO NPs at pH-12.0 in UV-visible radiations
at (i) 0min (ii) 30min (iii) 60min (iv) 90min (v) 120min (vi) 150min.

Also, linear relationship between −ln(C/C0) and irradiation time is shown in Figure 4.33. The

pseudo-first-order rate constant (K) and linear regression coefficient (R) for degradation of

CV dye using Cu (3.0%) doped ZnO NPs at different pH are summarized in Table 4.4. It

shows that photoreaction rates are highest for Cu (3.0%) doped NPs at pH-12.0 compared to

Cu (3.0%) doped NPs synthesized at pH-8.0, 10.0 and 12.0. These observations can be

explained on the basis that the zero point charge of ZnO (pHzpc) has been reported to be 9.0

[40]. Therefore the surface functional groups of ZnO are ZnOH2
+, ZnOH and ZnO– at pH <

Chapter 4 Results and Discussion Page 95

4.32(c) shows the change in color of CV dye when exposed to UV-Visible radiations from 0-

2.5h with Cu (3.0%) doped ZnO NPs synthesized at pH-12.0. The color of CV changes from

violet to colorless after 2.5h. This change in color of CV shows that dye has been degraded to

100%.

Figure 4.32: (a) Photodegradation of CV dye with Cu (3.0%) doped ZnO NPs and (b) Extend
of decomposition of CV dye with respect to time intervals with Cu (3.0%)
doped ZnO synthesized at  pH-8.0, 10.0 and 12.0 (c) Change in color of crystal
violet dye with Cu (3.0%) doped ZnO NPs at pH-12.0 in UV-visible radiations
at (i) 0min (ii) 30min (iii) 60min (iv) 90min (v) 120min (vi) 150min.

Also, linear relationship between −ln(C/C0) and irradiation time is shown in Figure 4.33. The

pseudo-first-order rate constant (K) and linear regression coefficient (R) for degradation of

CV dye using Cu (3.0%) doped ZnO NPs at different pH are summarized in Table 4.4. It

shows that photoreaction rates are highest for Cu (3.0%) doped NPs at pH-12.0 compared to

Cu (3.0%) doped NPs synthesized at pH-8.0, 10.0 and 12.0. These observations can be

explained on the basis that the zero point charge of ZnO (pHzpc) has been reported to be 9.0

[40]. Therefore the surface functional groups of ZnO are ZnOH2
+, ZnOH and ZnO– at pH <

Chapter 4 Results and Discussion Page 95

4.32(c) shows the change in color of CV dye when exposed to UV-Visible radiations from 0-

2.5h with Cu (3.0%) doped ZnO NPs synthesized at pH-12.0. The color of CV changes from

violet to colorless after 2.5h. This change in color of CV shows that dye has been degraded to

100%.

Figure 4.32: (a) Photodegradation of CV dye with Cu (3.0%) doped ZnO NPs and (b) Extend
of decomposition of CV dye with respect to time intervals with Cu (3.0%)
doped ZnO synthesized at  pH-8.0, 10.0 and 12.0 (c) Change in color of crystal
violet dye with Cu (3.0%) doped ZnO NPs at pH-12.0 in UV-visible radiations
at (i) 0min (ii) 30min (iii) 60min (iv) 90min (v) 120min (vi) 150min.

Also, linear relationship between −ln(C/C0) and irradiation time is shown in Figure 4.33. The

pseudo-first-order rate constant (K) and linear regression coefficient (R) for degradation of

CV dye using Cu (3.0%) doped ZnO NPs at different pH are summarized in Table 4.4. It

shows that photoreaction rates are highest for Cu (3.0%) doped NPs at pH-12.0 compared to

Cu (3.0%) doped NPs synthesized at pH-8.0, 10.0 and 12.0. These observations can be

explained on the basis that the zero point charge of ZnO (pHzpc) has been reported to be 9.0

[40]. Therefore the surface functional groups of ZnO are ZnOH2
+, ZnOH and ZnO– at pH <



Chapter 4 Results and Discussion Page 96

pHzpc, pHzpc and pH > pHzpc, respectively. On the other side CV dye is cationic in nature and

to adsorb greater dye molecule on photocatalyst surface. Therefore, it is necessary to make

photocatalyst surface to be anionic in nature. Now, as zero point charge (pHzpc) of ZnO is 9.0,

so at pH-10.0 (pH > pHzpc ) ZnO surface is anionic in nature which is further more anionic at

pH-12.0. Thus, there is weak interaction, normal interaction and strong interactions between

CV dye and Cu (3.0%) doped NPs at pH 8.0, 10.0 and 12.0 respectively. Therefore, greater

dye molecule will adsorb on photocatalyst surface at pH-12.0 as compared to at pH-8.0 and

10.0. The other possible reason for higher photodegradation efficiency of as prepared catalyst

at higher pH is due to the main reaction presented by hydroxyl radical attack, which can be

highly favored by the high concentration of adsorbed hydroxyl groups at higher pH values

[41]. Also in our case as the shape of Cu (3.0%) doped NPs at pH- 10.0 and 12.0 is hexagonal

and spherical respectively (confirmed from TEM analysis). Since the surface area of

spherical particle is higher as compared to hexagonal ones, surface to volume ratio of Cu

(3.0%) doped ZnO NPs synthesized at pH-12.0 is more as compared to similar doped ZnO

NPs synthesized at pH-10.0. Therefore surface area of Cu (3.0%) doped NPs synthesized at

pH-12.0 is more exposed for CV dye to get adsorbed and degraded. Thus along with pH,

morphology of Cu (3.0%) doped and capped ZnO NPs at pH-12.0 plays a significant role in

degrading CV dye so efficiently.

Figure 4.33: Kinetics of crystal violet degradation with Cu (3.0%) doped ZnO NPs
synthesized at pH-8.0, 10.0 & 12.0.
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4.4.7 Effect of photocatalyst loading

Photocatalytic activity of Cu doped ZnO NPs at various pH has been assessed according to

the photodegradation of CV dye. As discussed above Cu (3.0%) doped ZnO NPs at pH-12.0

shows maximum degradation (~ 100%) at smaller time as compared to other undoped and

doped photocatalysts. The variation of photocatalyst concentration (2.5g/L to 3.5g/L) has

been taken into consideration to avoid unnecessary amount of photocatalyst by keeping the

same CV dye concentration (10 mg/L). The percentage of photodegradation of CV dye as a

function of irradiation time at different photocatalyst concentration is shown in Figure 4.34.

The maximum percentage of photodegradation has been obtained at 3.0g/L of photocatalyst.

This is because the number of adsorbed dye molecules increases with increase in

photocatalyst particles and also number of active sites increases with increase in

photocatalyst dosage which further enhance OH• radical production [52].  When the amount

of photocatalyst increases above optimum level then the degradation percentage reduces. This

might be due to increase in turbidity of the slurry (photocatalyst and dye) that reduces the

penetration of UV-Visible light irradiations through the solution known as light screening

effect [53]. Therefore, dye adsorbed photocatalyst surface becomes unavailable for photons

absorption and thus the photocatalytic degradation reaction reduces at higher concentration of

photocatalyst.

Figure 4.34: Effect of photocatalyst loading on photodegradation of CV dye with Cu (3.0%)
doped ZnO NPs. Concentration of CV dye = 10mg/L.
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From above discussion on photocatalytic studies it has been observed that optimal Cu doping

has increased photocatalytic degradation efficiency in comparison to undoped samples. It has

been reported earlier that on changing the pH of dye solution, NPs tend to agglomerate at

acidic conditions and so the surface area availability for adsorption of dye and photon

absorption reduces [52]. So, here the pH of as synthesized Cu doped ZnO NPs has been

varied to avoid any agglomeration of NPs that occurred during adjusting the pH of dye

solution done by earlier researchers [54]. Photocatalytic efficiency has been improved by

changing the pH of as synthesised optimum Cu doped ZnO NPs from 8.0 to 12.0. Spherical

morphology, maximum adsorption of CV dye and optimal doping are three main reasons for

better photocatalytic activity of Cu (3%) doped ZnO NPs synthesised at pH-12.0. With this

system there is no need to study the pH of wastewater containing various toxic dyes as

optimized Cu doped ZnO NPs synthesised at higher pH are sufficient to degrade dyes having

different pH.

4.5 PVP capped undoped and Cu doped ZnO nanoparticles

4.5.1 XRD studies

The XRD diffraction peaks of PVP capped undoped and Cu (1.0 -5.0%) doped ZnO NPs

synthesized at pH-8.0 is shown in Figure 4.35(a). The diffraction peaks corresponding to (1

0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), (2 0 0), (1 1 2) and (2 0 1) planes reveal a highly

crystalline hexagonal wurtzite structure (ICDD No. 36-1451) and there is no extra peak

corresponding to Cu, oxides of Cu or Cu related secondary and impurity phases in Figure

4.35 which confirm that Cu has been incorporated to ZnO lattice site rather than interstitial

ones. The average crystallite size is estimated by Debye-Scherer formula. The average

calculated crystallite size is 38nm for undoped, 32nm for Cu (1.0%), 26nm for Cu (2.0%),

22nm for Cu (3.0%) doped, 20nm for Cu (4.0%) doped and 19nm for Cu (5.0%) doped ZnO

NPs respectively.

4.5.2 TEM studies

TEM micrographs of undoped and Cu (3.0%) doped ZnO NPs are shown in Figure 4.36 (a &

b). It is clear from micrographs that undoped and Cu (3.0%) doped ZnO NPs shows spherical

and faceted morphology. In Figure 4.36(a), undoped ZnO NPs shows agglomerated spherical

particles with average particle size of 25-45nm. Figure 4.36(b) shows Cu (3.0%) doped ZnO

shows average particle size lying between 18-25nm.
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Figure 4.35: X-ray diffraction pattern of PVP capped undoped and Cu (1.0-5.0%) doped
ZnO NPs.

4.5.3 UV-Visible spectroscopy

Optical absorption spectroscopy of prepared undoped and Cu (1.0-5.0%) doped ZnO NPs

is performed by UV-Visible absorption spectroscopy at room temperature. Figure 4.28(a)

shows UV-Visible absorption spectra of as prepared samples synthesized at pH-8.0 and

Figure 4.28(b) shows absorption spectra of Cu (3.0%) doped ZnO NPs synthesized at pH-

10.0 & 12.0. It can be seen in Figure 4.28(a & b) that there is strong excitonic absorption

peak in all samples. Figure 4.37(a) shows absorption peak at 371nm, 371nm,

374nm,
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Figure 4.36: TEM images of undoped and Cu (3.0%) doped ZnO NPs.

371nm, 373nm and 364nm for undoped, Cu (1.0%), Cu (2.0%), Cu (3.0%), Cu (4.0%) and

Cu (5.0%) doped ZnO NPs respectively. Figure 4.37(b) shows absorption peak at 366nm and

358nm Cu (3.0%) doped ZnO NPs synthesized at pH-10.0 and 12.0. These peaks are attributed to

large exciton binding energy and good optical quality of synthesized NPs. The weak absorption

starts from 650nm which becomes strong around 350nm. From Figure 4.37(a & b), it can be

observed that all Cu doped NPs shows better absorption of visible light as compared to

undoped NPs.

Further band gap has been calculated by using Tauc’s formula. Figure 4.38(a & b) shows

the graphs between (αhν)2 and hν for undoped and Cu (1.0% –5.0%) doped ZnO NPs. The

band gap values has been found to be 3.23 eV, 2.64 eV, 2.82 eV, 2.98 eV, 3.04 eV and 3.08

eV for undoped, Cu (1.0%), Cu (2.0%) , Cu (3.0%) , Cu (4.0%) and Cu (5.0%) doped ZnO

NPs synthesized at pH-8.0. The calculated band gaps for NPs synthesized at pH 10.0 and

12.0 are 3.3eV and 3.16eV respectively. It can be seen that all Cu doped ZnO samples

synthesized at pH-8.0 have an optical energy band gap lower than that of undoped ZnO.

a) b)
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Figure 4.37: UV-Visible absorption spectra of (a) undoped and Cu (1.0% - 5.0%) doped
synthesized at (a) pH-8.0 (b) Cu (3.0%) doped ZnO NPs synthesized at pH-
10.0 and 12.0.

The band gap value of undoped ZnO is 3.23 eV. It has been observed that band gap of doped

ZnO NPs decreases as the Cu doping concentration increases from 1.0 – 3.0%. After this

when Cu doping concentration increases to from 4.0 to 5.0%, the band gap again increases

from 3.04 to 3.08 eV, which is still less compared to undoped ZnO NPs. This decrease in

band gap for Cu doped NPs correspond to p - d spin exchange interactions between the band

electrons and the localized d electrons of doped Cu metal [44]. Moreover, decrease in band

gap is attributed to the merging of an impurity band into conduction band [45]. Thus the red

shift in Cu doped samples confirms the uniform incorporation of Cu in ZnO lattice.

Figure 4.38: Touc’s plot for (a) undoped and Cu (1.0% - 5%) doped ZnO NPs synthesized at
pH-8.0 and (b) Cu (3.0%) doped ZnO NPs synthesized at pH 10.0 and 12.0.
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4.5.4 Photocatalytic Studies

The photocatalytic degradation of CV dye in the presence of undoped and doped ZnO NPs

synthesized at pH-8.0 was investigated under UV-Visible irradiation. This dye was used as a

test contaminant owing to its absorption peaks in the visible range and thus its degradation

can be easily monitored by optical absorption spectroscopy. Figure 4.39(a) shows the change

in concentration of CV dye as a function of irradiation time for the dye derivative in absence

and presence of undoped and Cu (1.0-5.0%) doped ZnO NPs (C is the concentration of CV

determined at λmax of absorption and C0 is initial concentration). Figure 4.39(b) shows

histogram for percentage decrease in concentration of CV dye over time under different

conditions. It shows only 25% of CV dye dissolved in water disappears after 3.5h of UV-

Visible radiations without any photocatalyst. This smaller degradation of CV dye might be

due to the interaction between OH˙ radical generates from water and CV dye. 48% of CV dye

degraded with undoped ZnO NPs. Photocatalytic activity of undoped ZnO NPs is due to

defect states caused by donor and acceptor states such as oxygen vacancies, interstitial zinc

atom, zinc vacancies and interstitial oxygen respectively. Interfacial electron transfer takes

place between donor states and CV dye. CV dye as a cationic dye acquire electron from

excited donor states and get decomposed. Figure 4.31(b) shows 57%, 64%, 94%, 85% and

59% of CV dye degraded with Cu (1.0%), Cu (2.0%), Cu (3.0%), Cu (4.0%) and Cu (5.0%)

doped ZnO NPs synthesized at pH-8.0 when exposed to UV-Visible radiations for 3.5h. From

this it can be concluded that degradation of CV dye increases from 57% to 94% for Cu

(1.0%) to Cu (3.0%), afterwards it reduces for higher Cu doping concentration. This is

because ZnO act as a source of electrons and holes. The dopant Cu atoms and donor states

(oxygen vacancy/ defects) act like a sink to electron and hole pairs which decreases the

electron-hole pair recombination that results higher production of OH
•

radicals [49]. This

results in greater decomposition of CV dye using Cu doped ZnO NPs. Here Cu (3.0%) doped

ZnO shows higher degree of degradation of CV dye over other doped ZnO NPs because

higher concentration of Cu doping also shows negative effect. It creates a cyclic process

without generating active OH˙ radicals [50]. Since Cu (3.0%) has smaller particle size

(confirmed from XRD studies shown above) as compared to other Cu doped ZnO NPs at pH-

8.0. Also, linear relationship between −ln(C/C0) and irradiation time is shown in Figure 4.39

(c). The pseudo-first-order rate constant (K) and linear regression coefficient (R) obtained

from Figure 4.39 (c) for degradation of CV dye with and without photocatalyst at different
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conditions are summarized in Table 4.5. It shows that photoreaction rates are highest for Cu

(3.0%) doped ZnO NPs at pH-8.0 and is least for without any photocatalyst under UV-Visible

radiations. The higher value of first order rate constant demonstrates higher photocatalytic

performance. Thus Cu (3.0%) doped ZnO NPs at pH-8.0 shows highest photocatalytic

performance among all the synthesized photocatalysts.
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Figure 4.39: (a) Change in concentration (b) Histogram to study the percentage degradation
of CV dye and (c) Kinetics of crystal violet degradation with and without
photocatalyst synthesized at pH-8.0 under different conditions.
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4.5.5 Effect of pH on photocatalytic properties

As discussed in section 4.4.6, the pH also affect the photocatalytic process of various

pollutants and thus is an important parameter in the reaction taking place on semiconductor

surface.

Figure 4.40: (a) Change in concentration (b) Histogram to study the percentage degradation
of CV dye and (c) Kinetics of crystal violet degradation under Cu (3.0%) doped
ZnO NPs synthesized at different pH value.

Therefore to study the effect of pH on doping and capping agent, optimal doped ZnO NPs has

been synthesized at higher pH value. The pH of the photocatalysts has been adjusted during

the synthesis. Figure 4.40(a) indicates the decrease in concentration of CV dye when exposed

under UV-Visible radiations in the presence of Cu (3.0%) doped samples synthesized at pH-

8.0, 10.0 & 12.0. Histogram for comparing the percentage degradation of CV dye using Cu

(3.0%) doped ZnO NPs at various pH are shown in Figure 4.32(b). From this Figure it is clear

that 63.1% and 92.2% CV dye has been degraded with Cu (3.0%) doped ZnO NPs at pH-8.0
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and 10.0 respectively after 2.5h of UV-Visible exposure. However, almost 100% CV dye has

been degraded with Cu (3.0%) doped ZnO NPs synthesized at pH-12.0 and that to only after

2.5h of UV-Visible irradiation. Thus higher degree of CV dye degradation has been obtained

at much lower irradiation time. The linear relationship between −ln(C/C0) and irradiation

time as shown in Figure 4.40(c) is obtained. The pseudo-first-order rate constant (K) and

linear regression coefficient (R) for degradation of CV.

Table 4.5: Reaction rate constant of crystal violet without catalyst, undoped, Cu (1.0%,
2.0%, 3.0%, 4.0% and 5.0%) doped and TG (1.0%) capped ZnO NPs at pH-8.0.

Experiment
Concentration
of crystal violet

dye (mg/L)

Catalyst
concentration

(0.25g/100 mL)
pH

K (rate
constant)

min-1
R2

1 10 Without catalyst 8.0 0.00129 0.97501
2 10 Undoped ZnO 8.0 0.00118 0.9596
3 10 Cu (1.0%) doped ZnO 8.0 0.00157 0.9637
4 10 Cu (2.0%) doped ZnO 8.0 0.00204 0.9578
5 10 Cu (3.0%) doped ZnO 8.0 0.00363 0.9551
6 10 Cu (4.0%) doped ZnO 8.0 0.00299 0.9547
7 10 Cu (5.0%) doped ZnO 8.0 0.00171 0.9857
8 10 Cu (3.0%) doped ZnO 10.0 0.00709 0.98412
9 10 Cu (3.0%) doped ZnO 12.0 0.01714 0.95066

dye using Cu (3.0%) doped ZnO NPs at different pH are also summarized in Table 4.5. It

shows that photoreaction rates are highest for Cu (3.0%) doped NPs at pH-12.0 among Cu

(3.0%) doped NPs synthesized at pH-8.0, 10.0 and 12.0. The cause of better degradation

efficiency of as synthesized optimal doped ZnO photocatalysts at higher pH value is already

discussed in section 4.4.6. Thus pH is an essential factor need to study, to enhance the

photodegradation efficiency of as synthesized NPs for their application in various textile

industries. Although, both Mn and Cu doped ZnO NPs have degraded dye significantly but

on comparing, it can be stated that Cu doped ZnO NPs synthesized at higher pH values has

shown slightly better degradation efficiency as compared to Mn doped ZnO NPs. Cu doped

ZnO NPs capped with TG and PVP has degraded almost 100% CV dye in 150min whereas,

Mn doped TG capped ZnO NPs synthesized at pH 12 has degraded 96% dye in 150 mins.
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CHAPTER 5

RESULTS AND DISCUSSION

Doped (Au and Ag) CeO2 nanoparticles

Overview

The present chapter describes the study of doped CeO2 (ceria) nanoparticles (NPs)

synthesized by co-precipitation method. Various techniques viz. X-ray diffraction (XRD),

transmission electron microscopy (TEM), energy dispersive spectroscopy (EDS), UV-Visible

spectroscopy, photoluminescence (PL) emission and excitation spectroscopy has been

employed to characterize as synthesized doped and capped NPs. Photocatalytic efficiency of

synthesized NPs has been studied by evaluating the degradation of rhodamine B (RhB) dye

under UV-Visible irradiations. Further the effect of pH has also been studied in detail. Here it

is important to mention that the pH of NPs has been adjusted during synthesis only.
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5.1 Introduction

As discussed in previous chapter, doping of Mn and Cu can enhance the photocatalytic

efficiency of nanosized semiconductor photocatalyst. Except ZnO, CeO2 has also been found to

be efficient catalyst as it has some properties similar to TiO2 such as wide band gap, high

stability and non-toxicity [1]. It has high resistance to chemical and photo corrosion and has

strong light absorption ability in far UV region. Also, the ability of CeO2 to absorb and release

of oxygen plays a critical role in overall performance of its catalytic activity. CeO2 has large

oxygen storage capacity depending on redox cycle of Ce4+/Ce3+, which further depends upon the

type and concentration of oxygen vacancies in the lattice structure [2]. Quantum mechanically

the most favorable defect structure in CeO2 is Ce4+ - Ov – Ce3+ (Ov - oxygen vacancy) and Ce3+

formation shows red shift in band gap of CeO2 nanomaterials [2]. Actually CeO2 is a wide band

gap semiconductor with optical indirect band gap of 3.2eV which strictly limits its application in

ultraviolet (UV) region only [3]. In order to reduce the band gap of CeO2 various metal or non-

metal ions like Fe [4], Y [5], in [6], Sm [7], N [8] have been doped in CeO2 lattice. All of these

dopants have not shown the significant photodegradation of organic pollutants. Apart from these

the loading of Au in CeO2 has shown better catalytic efficiency [9]. Lei et al. [9] have shown

that loading of 11.6 wt % Au/CeO2 exhibit 1.3 times higher photoreactivity under UV light as

compared to visible light. The catalytic activity of Au/ CeO2 catalyst was mainly due to

coexistence of active species Au3+ and Au0 in Au loaded CeO2 NPs. Therefore in order to further

explore the photocatalytic efficiency of ceria NPs, we have doped it with silver (Ag) and gold

(Au) metal ions and studied their photocatalytic activity under UV-Visible light irradiations.

Also, doped ceria NPs has been synthesized at different pH to study the effect of pH along with

doping.

5.2 Undoped and doped (Mn and Cu) CeO2 nanoparticles

As discussed in chapter4 that Mn and Cu metal ion doped ZnO NPs has shown better

photocatalytic efficiency, therefore optimal concentration of Mn and Cu ion has been doped in

ceria lattice to evaluate their photocatalytic efficiency.

5.2.1 XRD studies

Figure 5.1 shows the typical XRD pattern for undoped and Mn(1.0%) and Cu(3.0%) doped

CeO2 NPs. All the peaks of as synthesized nanopowder in the 25-80º range of 2θ value are

indexed to single crystalline with face-centered cubic (FCC) fluorite structure of pure CeO2

(JCPDS 34-0394). Further no diffraction peaks corresponding to cerium oxide or dopant ion
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related impurity has been detected. This confirms the successful doping of Mn and Cu into ceria.

The average nanocrystallite size of undoped and doped ceria NPs estimated by Debye-Scherrer

formula is in the range 7-12nm.

Figure 5.1: XRD pattern for undoped and doped CeO2 NPs.

5.2.2 UV-Visible spectroscopy

Figure 5.2 reveals the UV-Visible absorption spectra of undoped and Mn(1.0%) and

Cu(3.0%) doped CeO2 NPs.

Figure 5.2: UV-Visible absorption spectra for undoped and doped CeO2 NPs.
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There is a strong absorption band from 300nm to 350nm in the spectra, which is attributed to

charge transfer from O2- in O 2p to Ce4+ in Ce 4f [10]. The band gap determines the portion of

the solar spectrum that the photocatalyst absorbs.

5.2.3 Photocatalytic studies

The photocatalytic performance of as prepared undoped and doped samples has been evaluated

by the degradation of Rhodamine B (RhB) dye under UV-Visible light radiations.
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Figure 5.3: Calibration curve of RhB dye.

The photo-degradation process was evaluated by monitoring the change in concentration of RhB

dye. In this study, without any adjustment, the pH of slurry (dye and photocatalyst solution) was

at natural pH. The photocatalytic degradation of RhB dye in under UV-Vis. radiations with as

synthesized

Figure 5.4: (a) Change in concentration and (b) Percentage degradation of RhB dye with
undoped and Mn and Cu doped CeO2 NPs.
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undoped and doped ceria samples  is shown in Figure 5.4(a), which shows the normalized

concentration of RhB dye (C/C0) as a function of light irradiations time. C0 and C denotes initial

concentration after adsorption-desorption equilibrium under dark conditions and the

concentration of RhB at different irradiation times (t) respectively. The lower value of C/C0

denotes the higher degradation of RhB dye.  Figure 5.4(b) demonstrate that 79.2%, 40.1% and

21.6% of the dye has been degraded with undoped, Mn(1.0%) and Cu(3.0%) doped CeO2

samples respectively under UV-Vis. light irradiations. The doped samples show lower

photocatalytic activity than undoped sample. The oxygen vacancies play the dominant role in

photocatalytic activity. However, the ionic radii of Mn2+(81pm) and Cu2+ (91pm) is smaller

than Ce3+ (115pm) and Ce4+ (101pm). Therefore the probability for generation of oxygen

vacancies is reduced and CeO2 doped with Mn and Cu doesn’t give good photocatalytic

results as compared to undoped CeO2 NPs. Also, no shifting in XRD peaks has been

observed which means no contraction or expension of the ceria lattice with doping has

occurred. This confirms the reduction in oxygen vacancies with Mn or Cu doping. Oxygen

vacancies act as the trapping centres for photoexcited electrons available in conduction band

of CeO2 and thus reduce the electron–holes recombination and results in faster photocatalytic

degradation of organic pollutants. Therefore Mn and Cu doped CeO2 NPs have shown

smaller photodegradation of RhB dye as compared to undoped CeO2 NPs.

Thus the above photocatalytic studies demonstrate that Mn and Cu metal ion doping has reduce

the degradation efficiency of CeO2 nanoparticles. In order to further enhance the photocatalytic

degradation activity of ceria, we have doped silver (Ag) and gold (Au) metal ions in CeO2 and

evaluate their photocatalytic studies. These are discussed in next sections.

5.3 Ag doped CeO2 nanoparticles

To evaluate the effect of Ag doping on morphological, optical and photocatalytic studies of

CeO2 lattice, we have synthesized silver doped ceria NPs at natural pH (7.5). Then Ag doped

ceria NPs has been synthesized at pH-10.0 and 12.0 at optimal doping concentration. For

simplification, the samples synthesized at pH-7.5 are denoted as undoped CeO2 (CS0), 1 at%

Ag-doped CeO2 (CS1), 2 at% Ag-CeO2 (CS2), 3 at% Ag-doped CeO2 (CS3) and 2 at% Ag-

doped CeO2 synthesized at pH-10.0 and 12.0 are denoted as (CS210) and (CS212)

respectively.

5.3.1 XRD studies

The X-ray diffraction (XRD) patterns of as synthesized undoped and Ag doped NPs (CS0, CS1,

CS2, CS3, CS210, CS212) are depicted in Figure 5.5(a). All the peaks of as synthesized NPs in
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the 20-80º range of 2θ value are indexed to single crystalline face-centered cubic (FCC) fluorite

structure of pure CeO2 (JCPDS 34-0394). Further no diffraction peaks corresponding to cerium

oxide or Ag-related impurity has been detected. This confirms the successful doping of Ag into

ceria (CeO2) NPs. Samples with Ag doping show shift in the (111) peak towards higher 2θ

values as compared to undoped sample as shown in Figure 5.5(b). Also with increase in Ag

doping upto 2%, (111) peak has been observed to shift continuously. However, sample CS3 has

shown smaller shift as compared to CS1 and CS2. Moreover, by increasing the Ag doping

content, the calculated crystallite size and lattice parameter decreased slightly even though the

ionic radius of Ag1+ is slightly larger than that of Ce3+ ( 0.129 nm and 0.115 nm, respectively).

This reverse behavior may be due to an increase in oxygen vacancy concentration with Ag

doping because the effective anionic radius in ceria lattice decreases with an increase in oxygen

vacancies [11]. This further confirms the incorporation of Ag ions into ceria lattice. Recently

similar type of behavior has been observed in Yttrium doped CeO2 NPs [5]. The average

nanocrystallite size of NPs has been estimated by Debye-Scherer formula. The calculated D

Figure 5.5: (a) XRD pattern and (b) Peak shift of CS0-CS212 NPs.
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The calculated D values are in the range of 6.6-10.2 nm. Further the crystallite size of NPs are

also estimated by Williamson-Hall plot (W-H plot) using equation

β Cosθ/λ = K/D + 4εSinθ/λ ……(5.1)

The crystallite size is estimated from the y- intercept of the fit. The W-H plots are shown in

Figure 5.6. The crystallite size so estimated has been presented in Table 5.1 and found to be very

close to the crystallite size calculated from Debye-Scherer equation.

Figure 5.6: Williamson-hall plot for CS0-CS212 NPs.
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Table 5.1: Lattice parameter, d-spacing and crystallite size of as synthesized samples

S. No
Sample

Name
2θ

Lattice parameter

(nm)

d-spacing

(nm)

Crystallite size (nm)

Scherrer

formula
W-H Plot

1 CS0 28.57 0.5306 0.3121 10.2 11.7

2 CS1 28.726 0.528 0.3104 7.6 7.4

3 CS2 28.735 0.527 0.3103 7.1 7.1

4 CS3 28.683 0.528 0.3109 6.6 6.1

5 CS210 28.682 0.528 0.3108 7.9 8.4

6 CS212 28.671 0.528 0.3109 6.7 6.6

5.3.2 TEM and EDS analysis

TEM has been utilized to determine the morphology of the as-prepared samples. Figure 5.7(a,b)

presents the micrographs of CS0 and CS2 NPs respectively. It can be observed that the resulting

NPs are uniform in shape and size, and the diameter of the NPs are in the range of 5-8 nm and 3-

6 nm with narrow size distributions for CS0 and CS2 respectively. This is consistent with XRD

and W-H plot results. Lattice fringes in the insets of Figure 5.7(a,b) are clearly visible with d-

spacing of 0.312nm and 0.31nm for CS0 and CS2 respectively. These d-spacings are attributed

to (111) planes of ceria (JCPDS 34-0394) which matches well with XRD results. Figure 5.8

shows energy dispersive spectroscopy (EDS) of as synthesized samples. It clearly demonstrates

the presence of Ce and O in undoped and Ce, O and Ag in Ag doped samples respectively.

Table 5.2 summarizes the elemental compositional data derived from Figure 5.8. This confirms

the incorporation of Ag in ceria lattice.



Chapter 5 Results and discussion Page 118

Figure 5.7: TEM images of (a) CS0 (b) CS2 NPs.



Chapter 5 Results and discussion Page 119

Figure 5.8: EDS of CS0-CS212 samples.

Table 5.2: Elemental composition of undoped and Ag doped CeO2 NPs.

S. No. Photocatalyst Elements Weight % Atomic %

1 CS0
Ce 85.38 40

O 14.62 60

2 CS1

Ag 0.67 0.41

Ce 84.77 39.76

O 14.57 59.84

3 CS2

Ag 2.11 1.29

Ce 83.44 39.23

O 14.45 59.48

4 CS3

Ag 3.53 2.16

Ce 82.14 38.71

O 14.33 59.14

5 CS210

Ag 2.07 1.26

Ce 83.48 39.24

O 14.45 59.5

6 CS212

Ag 2.10 1.28

Ce 83.45 39.23

O 14.45 59.49
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5.3.3 UV-Visible spectroscopy

Figure 5.9(a,b) reveals the absorption spectra of as synthesized undoped and Ag doped CeO2

NPs. There is a strong absorption band from 300nm to 350nm in the spectra, which is attributed

to charge transfer from O2- in O 2p to Ce4+ in Ce 4f [10]. The band gap determines the portion of

the solar spectrum that the photocatalyst absorbs. The relationship between the optical

absorption coefficient of an indirect band gap semiconductor and band gap energy follows the

Tauc’s relation as

(αhν)1/2 = A( hν – Eg) ……(5.2)

Where hν is the photon energy, α is the absorption coefficient and A is a constant. The band gap

values has been determined by extrapolating the straight line portion of (αhν)1/2 versus hν graph.

Figure 5.9: (a,b) UV-Visible absorption spectra and (c,d) Tauc’s plot for CS0-CS3 NPs.

Figure 5.9(c,d) shows the graphs between (αhν)1/2 and hν for undoped and Ag doped samples

synthesized at different doping concentration and at different pH values. Calculated band gap
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(Eg) values has been found to be 3.12eV, 2.84eV, 2.90eV, 3.02eV, 3.13eV and 2.91eV for CS0,

CS1, CS2, CS3 for CS210 and CS212 respectively which are smaller than the theoretical value

of 3.2eV for bulk CeO2. This is because at nanoscale size the existence of quantum confinement

effect shifts the absorption spectra towards blue region, but simultaneously the decrease in

particle size led to increase in Ce3+ ion concentration. But the blue shift of absorption edge in

CeO2 occurred with a decrease in Ce3+ content [12]. Therefore, the red shift in band gap for

CeO2 NPs is due to the transformation between Ce4+ to Ce3+. Thus the band gap narrowing of as

synthesized NPs is the integrated results of quantum confinement effect and transformation of

two ionic states of cerium ion. This band gap narrowing is beneficial for photocatalytic process

(discussed later).

5.3.4 XPS studies

The surface composition and oxidation state of the elements of as synthesized samples have

been analyzed by XPS technique. The presence of Ce, O, C and Ce, O, C and Ag has been

confirmed with XPS survey spectrum of undoped and Ag doped CeO2 NPs respectively (Figure

5.10 (a, b)). Here Ce, O, C and Ag assigned to Ce3d, O1s, C1s and Ag3d orbitals respectively.

The highly resolved XPS spectra of Ce3d with different chemical states of Ce ions for CS0 and

CS2 samples are shown in Figure 5.10(c & d).  The Ce 3d spectrum is composed of two

multiplets (u and v) corresponding to spin-orbit split of 3d3/2 and 3d5/2. The Ce 3d core level

spectrum consisting peaks corresponding to Ce3+ and Ce4+ states have been Gaussian fitted. The

peaks labeled as vo, v’, uo and u’ imply the presence of Ce3+ states and peaks labeled as v, v’’,

v’’’, u, u’’ and u’’’ reveal the presence of Ce4+ states. The relative amount of cerium in trivalent

states and oxygen vacancies has been calculated using the following equations:Ce = Ce3+Ce3++ Ce4+ =    area ( vo, v’, uo, u’) / total area ……(5.3)

O = = area (Osur) / total area ……(5.4)
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Figure 5.10: (a,b) survey before and after doping of ceria (c,d) Ce3d of CS0 and CS2 NPs (e)
Ce3+ centration on the surface of CS0-CS3  (inset : concentration of oxygen
vacancies of CS0-CS3) (f,g) O1s of CS0 and CS2 and (h) Ag(3d) spectrum in
CS2 NPs.
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Both the samples have been found to be nonstoichiometric, from the area under each peak, with

84% and 69% of the Ce3d photoemission due to Ce4+ and the remaining 16% and 31% due to

Ce3+ state in CS0 and CS2 samples respectively. The results of oxidation state in all as

synthesized samples have been summarized in Table 5.3. The increase in Ce3+ concentration

from 16.3% to 50.5% on doping with silver (0-3%) is shown in Figure 5.10(e), which certainly

justifies the charge compensation due to silver ion incorporation. The O1s electron core spectra

for CS0 and CS2 are shown in Figure 5.10(f & g). The peak with binding energy of around

529eV is the major component and a shoulder around 531eV can be clearly seen in both the

samples. The peak around 529eV is attributed to the lattice oxygen of Ce4+- O2- and the peak

around 531eV is due to lattice oxygen of Ce3+-O2-. The third peak at 532.5eV in CS2 sample

which is absent in CS0 sample, may be due to either defect oxides or surface hydroxyl like

groups. Similar types of findings were also reported by Levasseur and co-workers [12] who

assigned the peak between 532 to 533eV to ionized oxygen species that could allow

compensation of deficiencies in the subsurface of metal oxide. Also inset of figure 5.10(e) shows

Table 5.3: Ce3+ concentration of various as synthesized undoped and doped samples.

S. No. Sample Ce3+/ [Ce3+ +Ce4+]%

1 CS0 16.3

2 CS1 22.1

3 CS2 31.1

4 CS3 50.5

5 CS210 35.6

6 CS212 42.4

that the oxygen vacancies increase with increase in silver doping. Similar findings were also

reported by Younis and co-workers [6] in indium doped CeO2 nanocrystals. Further, the

concentration of Ce3+ is least for CS0 sample, almost double for CS2 sample and is around three

times for CS212 sample as compared to CS0 sample respectively. This behavior confirm the

generation of larger concentration of oxygen vacancies with silver doping. Thus it can be

concluded that the silver doping promotes the formation of oxygen vacancies on the surface of

as synthesized samples. Figure 5.10(h) demonstrate that the Ag 3d spectrum showing two peaks

at 367.7 and 373.6eV, which can be assigned to Ag 3d3/2 orbitals and Ag 3d5/2 respectively
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which correspond to Ag1+ doping in CeO2 NPs [13]. These findings indicate that no metallic Ag0

appears in Ag doped samples.

Further to strengthen the above mentioned arguments about the oxygen vacancies, the surface

depth profiling XPS experiments have been conducted and the concentration of Ce3+ on the

surface and at various depths below the surface has been calculated for CS0, CS2, CS210 and

CS212 by Argon etching. The etching was varied from 0 to 10 and then 20 seconds.

The concentration of Ce3+ at various sample depths were extracted from XPS data and plotted in

Figure 5.11. These finding clearly suggest that the concentrations of Ce3+ or oxygen vacancies

are much higher on the surface as compared to inner part of the nanomaterials. Also the

concentration of oxygen vacancies decreases with increase in etching time. This trend provides

the evidence to the presence of oxygen vacancies on the surface of as synthesized samples.

Figure 5.11: Variations in Ce3+ of undoped and Ag doped CeO2 extracted from XPS data
with respect to etching time by using Ar ion beam.

5.3.5 Photocatalytic studies

The photocatalytic performance of as prepared undoped and Ag doped samples has been

evaluated by the degradation of Rhodamine B (RhB) dye under UV-Visible light radiations. The

photo-degradation process was evaluated by monitoring the change in concentration of RhB

dye. In this study, without any adjustment, the pH of slurry (dye and photocatalyst solution) was
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at natural pH. The photocatalytic degradation of RhB dye in dark, under UV-Vis. radiations with

as synthesized samples (CS0, CS1, CS2 and CS3) is shown in Figure 5.12(a), which shows the

normalized concentration of RhB dye (C/C0) as a function of light irradiations time. C0 and C

denotes initial concentration after adsorption-desorption equilibrium under dark conditions and

the concentration of RhB at different irradiation times (t) respectively. The lower value of C/C0

denotes the higher degradation of RhB dye.  Figure 5.12(b) demonstrate that 4.9% and 29.68%

of the dye has been degraded in dark and under UV-Vis. radiations without any photocatalyst

and  79.2%, 95.1%, 99.8% and 98.0% of RhB dye has been degraded with CS0, CS1, CS2 and

CS3 samples under UV-Vis. light irradiations. Thus the doped samples show higher

photocatalytic activity than undoped and at other conditions. Also, in doped samples, CS2

sample has shown the maximum degradation efficiency than CS1and CS3.

Figure 5.12: (a) Change in concentration and (b) percentage degradation of RhB under
various conditions.

In other words, when the doping concentration in CeO2 NPs increases up to 2% the degradation

efficiency increases as compared to undoped CeO2 NPs (CS0). But on further increasing the

doping level of Ag to 3%, a decrease in photocatalytic activity is observed. This might be due to

increase in oxygen vacancies in CS3 samples beyond the optimum level of oxygen vacancies.

Table 5.3 (shown above) shows that the oxygen vacancies increase with increase in Ag doping.

Oxygen vacancies are double and three times for CS2 and CS3 samples as compared to CS0

sample respectively. Further it is well known that the electron-hole pair separation is closely

related to the availability of oxygen vacancies in the photocatalyst [6]. The doping of Ag

generates or induces more oxygen vacancies (discussed above), so the probability of cations
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lying closer to each other increases. Therefore the existing oxygen vacancies come together to

form deep traps and as a result, small micro-domains may be generated due to the re-

arrangement or ordering of oxygen vacancies and isolated cations in the lattice [7]. However,

beyond the optimum level, the increased concentration of deep traps favors a fast electron-hole

recombination rate which resulted in decrease in photocatalytic efficiency. Also the Ag content

above the optimum level acts as a recombination centre and hence cause the reduction in

photocatalytic efficiencies [13, 14]. Thus from the above discussions it is clear that 2.0% Ag

doping in CeO2 lattice is optimal which provides the optimum number of oxygen vacancies for

highest photocatalytic activity.

Table5.4: Reaction rate constant of RhB dye with and without photocatalyst at different pH.

S. No.
Concentration
of dye (mg/L) Photocatalyst

pH of
photocatalyst

during
synthesis

Rate
constant
(K)(per

min)

R2

Rate
constant
(K)(per

min)
(Fe doped

Ceria)

1 10
No catalyst in

dark
------ 0.0002 0.9395

0.0004 [4]

2 10
UV-Visible

radiations only
------ 0.0012 0.9331

3 10 CS0 7.5 0.0047 0.8373 0.0017 [4]
4 10 CS1 7.5 0.0096 0.9973 0.0025 [4]
5 10 CS2 7.5 0.0209 0.9969 0.0028 [4]
6 10 CS3 7.5 0.0128 0.9907
7 10 CS210 10.0 0.0270 0.9591
8 10 CS212 12.0 0.0300 0.9618

Kinetic studies of the photocatalytic degradation of RhB dye under various conditions is shown

in Figure 5.13 using an equation -ln (C/C0) = kt, which indicates that the degradation of RhB

dye follows pseudo-first-order kinetic model. The rate of degradation of RhB dye in dark and

under UV-Vis. light irradiations are very slow and are 0.0002 and 0.0012 min-1 respectively.

CS0, CS1, CS2 and CS3 have shown relatively higher degradation rates such as 0.0047, 0.0096,

0.0209 and 0.0128 min-1 respectively. The degradation rate constants of RhB dye under various

conditions have been summarized in Table 5.4. Here the photocatalytic degradation and hence

degradation rate for CS2 is higher than those of undoped and doped samples. The degradation

rate of CS2 is 4.5 and 2.2- fold higher than that of CS0 and CS1 respectively.
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Figure 5.13: Kinetic studies of the photocatalytic degradation of RhB dye under various
conditions.

5.3.5.1 Effect of pH

Since the pH of waste water from the textile industries have wide range and it is very difficult to

adjust the pH of photocatalytic reaction at each time. Till date no photocatalyst has been

reported which show commendable degradation of dye at all pH. Many groups have studied the

effect of pH by varying the pH of dye solution with the addition of acids and bases [11, 15].

With this motivation, attempt has been made to optimize the pH of synthesized NPs during

synthesis, so that maximum degradation of dye could be achieved under UV-Vis. light

irradiations. As discussed above, CS2 sample has shown the maximum degradation of RhB dye,

therefore this optimized silver doping has been selected for varying the pH during the synthesis

from natural pH to 10.0 (CS210) and 12.0 (CS212). The photocatalytic degradation efficiencies

of RhB dye using photocatalysts CS210 and CS212 under UV-Vis. light irradiations for 3h are

shown in Figure 5.14(a). It demonstrates that these samples exhibited higher degree of

degradation in smaller time. 99.3% and 99.6% of dye degradation has been achieved with as

synthesized CS210 and CS212 samples respectively. Here it is important to mention that the pH

of dye solution after the addition of photocatalyst was still at natural pH value. Therefore no

change in pH of dye solution has taken place by addition of NPs synthesized at higher pH and

thus the increase in degradation of RhB dye is mainly due to photocatalysts synthesized at

higher pH. Inset of Figure 5.14(a) demonstrate the change in color of dye in the presence of

CS212 sample after 3h of UV-Vis. irradiation.

Kinetic studies of photodegradation of RhB dye with NPs synthesized at higher pH have been

shown in Figure 5.15, which shows that it follows pseudo-first order kinetic model. The
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degradation rate for CS210 and CS212 are relatively higher than that of CS2. This means that

the samples synthesized at higher pH value has shown faster degradation, this might be due to

the presence of optimal level of oxygen vacancies. The point of zero charge (PZC) of ceria is 7.9

[16], therefore if the pH of the photocatalyst is greater than PZC of ceria, the surface of the

photocatalyst becomes negatively charged. Hence, the anionic dyes have a greater affinity

towards the catalyst. The sample synthesized at pH 10.0 and 12.0 have strong interaction

towards the cationic dyes. The sample CS212 have stronger interaction towards the RhB dye as

compared to CS210, attributed to higher synthesized pH value. Hence, greater RhB dye

molecules were adsorbed on the surface of CS212 photocatalyst causing higher degradation

efficiency in comparison to CS210. Furthermore, higher degradation efficiencies at higher pH is

due to the presence of high concentration of adsorbed hydroxyl groups [17].

Figure 5.14: (a) Percentage degradation of RhB using CS210 and CS212 photocatalysts
(inset: Change in color of RhB with CS212) and (b) percentage degradation
using CS2 and CS212 photocatalysts with the variation of pH of dye solution.

In order to check, the photodegradation efficiency of CS212, the pH of RhB dye solution has

been prepared at pH-3.0 (acidic medium) and 10.0 (basic medium) with the addition of HNO3

and NaOH. These dye solutions at different pH were considered for studying the degradation

behavior of as synthesized CS212 and CS2 samples. Figure 5.14(b) shows the percentage

degradation of RhB dye solution at different pH value in the presence of CS2 and CS212

photocatalysts. It shows 99.3% and 92.4% RhB dye solution at pH- 3.0 and pH-10.0

respectively that has been degraded with CS212. However, 75.58% and 94.47% dye solution

could be degraded with CS2 sample with pH-3.0 and pH-10.0 respectively. Thus CS212 has

efficiently degraded the RhB dye in acidic, neutral and basic medium. The results confirm the
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utility of these NPs in degradation of waste water effluents from various industries without

studying their pH values.
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Figure 5.15: Kinetic studies of the photocatalytic degradation of RhB dye with CS210 and
CS212 NPs.

5.3.5.2 Reusability studies

To determine the photocatalytic efficiency, the repetitive use of CS212 by the degradation of

RhB dye for three cycles has been studied and is shown in Figure 5.16.

Figure 5.16: Cyclic runs of RhB degradation using CS212 photocatalyst.
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It is clearly observed that the degradation efficiency of CS212 persisted without any self-

degradation, thus the degradation efficiency of the photocatalyst remains unaltered even after

three cycles of reuse.

5.3.6 Mechanism

To determine the probability of electron-hole recombination of the photocatalyst, the

photoluminescence (PL) spectra of CeO2 NPs has been recorded and shown in Figure 5.17. The

PL spectrum shows broad band at 363-440 nm centered at 395 nm along with small emission

peaks at 454nm and 484nm for all as synthesized undoped and doped samples. The appearance

of broad blue emission band originates from the charge transitions from 4f band to the VB of

CeO2 and peaks positioned at 454 nm and 484 nm are associated with the defect levels localized

between the O 2p and the Ce 4f bands. Also, Li et al. [18] reported that the broad emission band

around 350-700 nm is responsible for Ce3+ ions and oxide defects in CeO2. Since PL emission

spectra originate from the recombination of excited electrons and holes, thus the higher PL

intensity shows the higher recombination of excited electrons–hole pairs. The CS0 sample

shows higher PL intensity as compared to CS1 and CS2 samples. This means on increasing the

doping concentration of Ag from 1.0 to 2.0 at.% the recombination of excited electrons and

holes reduces. However, further increasing the doping concentration from 2.0 to 3.0 at.% the

recombination of electron-hole pairs increases. This is because the Ag content above the

optimum level acts as a recombination center [13, 14].

Figure 5.17: Photoluminescence emission spectra of CS0-CS3 samples.



Chapter 5 Results and discussion Page 131

The band gap energies as calculated from Tauc’s relation were 3.12eV, 2.84eV, 2.90eV, 3.02eV

for CS0, CS1, CS2 and CS3 respectively. Using these values, the valance band (VB) and

conduction band (CB) potential can be calculated from the following relations as [4, 19]:

Ecb(CeO2) = χ(CeO2) – Ec – 0.5Eg (CeO2) ……(5.5)

Evb(CeO2) = Eg (CeO2) – Ecb (CeO2) ……(5.6)

Where χ is the absolute electro-negativity of the semiconductor (χ = 5.56eV for CeO2), E
c is the

scaling factor relating to hydrogen electrode scale (NHE) to the absolute vacuum scale (AVS)

(4.5eV vs AVS for 0V vs NHE) and Eg is the bandgap energy of CeO2 (3.12eV for CS0). The

calculated VB and CB potentials are 2.63 and -0.49eV respectively.

Based on the above results, Figure 5.18 presents the general mechanism for the

photodegradation of RhB dye with CS0 and CS212 samples under UV-Vis. irradiations. For

CS0, when it is irradiated, electrons get excited from valance band (O2p) to an empty conduction

band (Ce4f). The photo generated electrons localized on cerium ions are scavenged by oxygen

molecules dissolved in water to yield superoxide radical anions and hydroxyl radicals which are

highly oxidative species and are responsible for decomposition of RhB dye. However, in CS0

sample the recombination of electron-hole pair is higher than the modified ceria samples

(confirmed from PL studies). Therefore, undoped sample shows smaller degradation and

mineralization of RhB dye. Moreover, it has been found that the amount of Ag dopant and effect

of pH during synthesis of ceria samples greatly influences the photocatalytic activity of as

synthesized doped ceria NPs.

The observed photocatalytic activity of synthesized samples increases with increase in Ag

doping concentrations up to 2.0 at%. Further, the activity decreases with increasing Ag content

above 2.0 at%. This is because the small amount of Ag1+ act as an electron acceptor (from Ag1+

to Ag0) and/or a hole donor ( from Ag1+ to Ag2+) to facilitate charge carrier localization and thus

resulted in prolonged separation by trapping at energy levels close to conduction or valance band

respectively [4, 6]. Also Ag0 and Ag2+ are relatively unstable than Ag1+ and thus leads to the

transfer of trapped charge carriers from Ag0 or Ag2+ to the adsorbed O2 or OH- to regenerate

Ag1+. Thus the newly produced hydroxyl radical (OH.) and super oxide anion radical (.O2
-) are

highly oxidative and initiate the photocatalytic reactions. Thus doping of Ag1+ delays electron

hole recombination and hence increasing the lifetime of charge carrier’s separation which is

useful in photocatalytic reactions. The doping of Ag1+ in ceria induces oxygen vacancies

(confirmed from XPS), which may be another possible reason for enhancement in photocatalytic

activity of CS2, CS210 and CS212 with respect to other samples. The adsorption of dye on the

photocatalyst is the necessity for effective degradation of dye. As CS212 sample has been
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synthesized at pH-12.0 and RhB dye is cationic in nature, so there is strong interaction between

as synthesized CS212 NPs and dye molecules.

Figure 5.18: Schematic diagram of the degradation mechanism for RhB dye (red spheres)
with CS0 and CS212 NPs under UV-Visible irradiations.

So the effective adsorption of RhB dye on CS212 NPs may result enhancement in

photodegradation efficiency. Also, the doping of Ag can serve not only as a mediator of

interfacial charge recombination but also as a recombination centre. In this study the optimal

doping concentration of Ag is 2.0 at%. Above this concentration, Ag1+ become recombination

centre and thus reduce the photocatalytic activity.

From above discussion it is clear that optimal Ag doping has increased the photocatalytic

degradation efficiency in comparison to undoped samples. It has been reported earlier also

that on changing the pH of dye solution, NPs tend to agglomerate at acidic conditions, thus

results in decrease in available surface area for adsorption of dye and photon absorption [20,

21]. Here in present case we have varied the pH during the synthesis of Ag doped ceria NPs

in order to avoid agglomeration of NPs which occurs during pH adjustment of dye solution.

Spherical morphology, maximum adsorption of RhB dye, optimal Ag doping and generation

of optimum level of oxygen vacancies are the main reasons for better photocatalytic activity

of CS212 NPs.
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5.4 Au doped CeO2 nanoparticles

5.4.1 XRD studies

The X-ray diffraction (XRD) patterns of as synthesized undoped and Au doped NPs (CA0, CA1,

CA2, CA3, CA4, CA410, CA412) are depicted in Figure 5.19. All the peaks of as synthesized

NPs in the 20-80º range of 2θ value are indexed to single crystalline face-centered cubic (FCC)

fluorite structure of pure CeO2 (JCPDS 34-0394). Further no diffraction peaks corresponding to

cerium oxide or Au-related impurity has been detected. This confirms the successful doping of

Au into ceria (CeO2) NPs.

Figure 5.19: XRD pattern of CA0-CA412 NPs.

Samples with Au doping show shift in the (1 1 1) peak towards higher 2θ values as compared to

undoped sample as shown in Figure 5.20. Sample CA4 has shown maximum shift as compared

to CA1, CA2 and CA3. It can be observed that peak shifting further increases for the samples

synthesized at higher pH value during synthesis. The shifting towards higher 2θ values shows
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the contraction of the lattice. This might be attributed to smaller ionic radius of Au3+ than that of

Ce3+ (0.099nm and 0.115nm, respectively). Also with doping in ceria the oxygen vacancies

increases which also contribute for the contraction of the lattice [11]. This further confirms the

incorporation of Au ions into ceria lattice. The average crystallite size has been calculated from

Debye-Scherer formula and is found to be in 8.0 - 12.0nm range.

Figure 5.20: Peak shift of CA0-CA412 NPs.

5.4.2 TEM studies

TEM has been utilized to determine the morphology of the as-prepared samples. Figure

5.21(a,b) presents the micrographs of CA0 and CA4 NPs respectively. It can be observed that

the resulting NPs are uniform in shape and size, and the diameter of the NPs are in the range of

5-8 nm and 7-12 nm with narrow size distributions for CA0 and CA4 respectively which are

consistent with XRD results.
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Figure 5.21: TEM images of (a) CA0 (b) CA4 NPs.

5.4.3 UV-Visible spectroscopy

Figure 5.22(a,b) reveals the absorption spectra of as synthesized undoped and Au doped CeO2

NPs. There is a strong absorption band from 300nm to 350nm in the spectra, which is attributed

to charge transfer from O2- in O 2p to Ce4+ in Ce 4f [10]. CA4 sample shows better absorption of

solar radiations as compared to other undoped and doped sample. This might be due better

doping of Au. The band gap determines the portion of the solar spectrum that the photocatalyst

absorbs. The relationship between the optical absorption coefficient of an indirect band gap

semiconductor and band gap energy follows the Tauc’s relation as

(αhν)1/2 = A( hν – Eg) ……(5.7)

Figure 5.22: UV-Visible absorption spectra of (a) CA0-CA4 and (b) CA410 and CA412
NPs.
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5.4.3 UV-Visible spectroscopy

Figure 5.22(a,b) reveals the absorption spectra of as synthesized undoped and Au doped CeO2

NPs. There is a strong absorption band from 300nm to 350nm in the spectra, which is attributed

to charge transfer from O2- in O 2p to Ce4+ in Ce 4f [10]. CA4 sample shows better absorption of

solar radiations as compared to other undoped and doped sample. This might be due better

doping of Au. The band gap determines the portion of the solar spectrum that the photocatalyst

absorbs. The relationship between the optical absorption coefficient of an indirect band gap

semiconductor and band gap energy follows the Tauc’s relation as

(αhν)1/2 = A( hν – Eg) ……(5.7)

Figure 5.22: UV-Visible absorption spectra of (a) CA0-CA4 and (b) CA410 and CA412
NPs.
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Where hν is the photon energy, α is the absorption coefficient and A is a constant. The band gap

values has been determined by extrapolating the straight line portion of (αhν)1/2 versus hν graph.

Figure 5.23(a-f) shows the graphs between (αhν)1/2 and hν for undoped and Au doped samples

synthesized at different doping concentration and at different pH values. Calculated band gap

(Eg) values has been found to be lying between 2.9-3.25eV. CA412 has smallest band gap value

as compared to other undoped and Au doped samples synthesized at natural and higher pH

values.

Figure 5.23: Tauc’s plot for band gap determination of CA0-CA412 NPs.
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5.4.4 Photocatalytic studies

The photocatalytic performance of as prepared undoped and Au doped samples has been

evaluated by the degradation of Rhodamine B (RhB) dye under UV-Visible light radiations. The

photo-degradation process was evaluated by monitoring the change in concentration of RhB

dye. In this study, without any adjustment, the pH of slurry (dye and photocatalyst solution) was

at natural pH. The percentage degradation of RhB dye in dark, under UV-Vis. radiations with as

synthesized samples (CA0, CA1, CA2, CA3 and CA4) is shown in Figure 5.24. Figure

demonstrate that 1.4% and 14.2% of the dye has been degraded in dark and under  UV-Vis.

radiations without any photocatalyst  and  35.1%, 86.0%, 87.3%, 90.9% and 95.8% of RhB dye

has been degraded with CA0, CA1, CA2, CA3 and CA4 samples under UV-Vis. light

irradiations. Thus the doped samples show higher photocatalytic activity than undoped and at

other conditions. Also, in doped samples, CS4 sample has shown the maximum degradation

efficiency than other undoped and doped samples. This might be due better doping and more

fractional absorption of solar radiations as discussed in above section.
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Figure 5.24: Percentage degradation of RhB under various conditions.

Kinetic studies of the photocatalytic degradation of RhB dye under various conditions is shown

in Figure 5.25 using an equation -ln (C/C0) = kt, which indicates that the degradation of RhB dye

follows pseudo-first-order kinetic model. The rate of degradation of RhB dye in dark and under

UV-Vis. light irradiations are very slow and are 0.00004 and 0.00045 min-1 respectively. CA0,

CA1, CA2, CA3 and CA4 have shown relatively higher degradation rates such as 0.00118,
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0.00534, 0.00582, 0.0063 and 0.00879 min-1 respectively. The degradation rate constants of

RhB dye under various conditions have been summarized in Table 5.5. Here the photocatalytic

degradation and hence degradation rate for CA4 is higher than those of undoped and other

doped samples.
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Figure 5.25: Kinetic studies of the photocatalytic degradation of RhB dye under various
conditions.

Table 5.5: Reaction rate constant of RhB dye with and without photocatalyst at different pH.

S. No. Concentration
of dye (mg/L)

Photocatalyst
pH of

photocatalyst
during synthesis

Rate constant (K)
(per min)

R2

1 10
No catalyst in

dark
------ 0.00004 0.9924

2 10
UV-Visible

radiations only
------ 0.00045 0.9500

3 10 CA0 7.5 0.00118 0.9813
4 10 CA1 7.5 0.00534 0.9223
5 10 CA2 7.5 0.00582 0.9539
6 10 CA3 7.5 0.0063 0.9218
7 10 CA4 7.5 0.00879 0.9437
8 10 CA410 10.0 0.01353 0.9731
9 10 CA412 12.0 0.02276 0.9941
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5.4.4.1 Effect of pH

Since the pH of waste water from the textile industries have wide range and it is very difficult to

adjust the pH of photocatalytic reaction at each time. It has been reported earlier that on

changing the pH of dye solution, NPs tend to agglomerate at acidic conditions, thus results in

decrease in available surface area for adsorption of dye and photon absorption [20, 21]. With

this motivation, attempt has been made to optimize the pH of synthesized NPs during synthesis,

so that maximum degradation of dye could be achieved under UV-Vis. light irradiations. As

discussed above, CA4 sample has shown the maximum degradation of RhB dye, therefore this

optimized silver doping has been selected for varying the pH during the synthesis from natural

pH to 10.0 (CA410) and 12.0 (CA412). The photocatalytic degradation efficiencies of RhB dye

using photocatalysts CA410 and CA412 under UV-Vis. light irradiations for 2h are shown in

Figure 5.26(a). It demonstrates that these samples exhibited higher degree of degradation in

smaller time. 98.6 and 99.4% of dye degradation has been achieved with as synthesized CA410

and CA412 samples respectively. Here it is important to mention that the pH of dye solution

after the addition of photocatalyst was still at natural pH value. Therefore no change in pH of

dye solution has taken place by addition of NPs synthesized at higher pH and thus the increase

in degradation of RhB dye is mainly due to photocatalysts synthesized at higher pH.

Kinetic studies of photodegradation of RhB dye with NPs synthesized at higher pH have been

shown in Figure 5.26(b), which shows that it follows pseudo-first order kinetic model.
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Figure 5.26: (a) Percentage degradation and (b) Kinetic studies of the photocatalytic
degradation of RhB dye with CA410 and CA412 NPs.
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The degradation rate for CA410 and CA412 are relatively higher than that of CA4 (Table 5.5).

This means that the samples synthesized at higher pH value has shown faster degradation, this

might be due to the presence of optimal level of oxygen vacancies. The point of zero charge

(PZC) of ceria is 7.9 [16], therefore if the pH of the photocatalyst is greater than PZC of ceria,

the surface of the photocatalyst becomes negatively charged. Hence, the anionic dyes have a

greater affinity towards the catalyst. The sample synthesized at pH 10.0 and 12.0 have strong

interaction towards the cationic dyes. The sample CS212 has stronger interaction towards the

RhB dye as compared to CS210, attributed to higher synthesized pH value. Hence, greater RhB

dye molecules were adsorbed on the surface of CA412 photocatalyst causing higher degradation

efficiency in comparison to CA410. Furthermore, higher degradation efficiencies at higher pH is

due to the presence of high concentration of adsorbed hydroxyl groups [17]. As discussed in

XRD results CA4 sample synthesized at natural pH has shown maximum peak shift towards

higher 2θ values. The shifting further increases for CA410 and CA412 samples. This shows the

better doping of Au in ceria lattice. The contraction of lattice due to incorporation of smaller

ionic radii ion (Au) as compared to host (Ce) also results in generation of oxygen vacancies

which also plays a significant role in degradation of pollutants. When UV-Visible light

radiations falls on Au doped ceria NPs, electrons get excited from VB to CB thus forms

electron-hole pair. The resulted electrons are trapped by Au3+ to form Au2+ and thus promote the

charge separation to some extent. As Au2+ state is unstable than Au3+ so it leads to the transfer of

trapped charge carriers from Au2+ to the adsorbed O2 or OH- to regenerate Au3+. Thus the newly

produced hydroxyl radical (OH.) and super oxide anion radical (.O2
-) are highly oxidative and

initiate the photocatalytic reactions. The adsorption of dye on the photocatalyst is the necessity

for effective degradation of dye. As CA41212 sample has been synthesized at pH-12.0 and RhB

dye is cationic in nature, so there is strong interaction between as synthesized CA412 NPs and

dye molecules. So the effective adsorption of RhB dye on CA412 NPs may result enhancement

in photodegradation efficiency. Thus effect of pH and doping plays a significant role to enhance

the photocatalytic activity of as synthesized doped ceria samples.

As synthesized Silver (Ag) and gold (Au) doped CeO2 NPs has been used as photocatalysts

for the degradation RhB dye. Ag doped CeO2 NPs has degraded RhB dye to 99.8% in 5h at

natural pH and almost 100% in 3h under UV-Visible light radiations. On the other side Au

doped CeO2 NPs at similar experimental conditions has degraded RhB dye to 95.8% in 2.5h

at natural pH whereas almost 100% in just 2h at higher pH under the exposure of radiations.

Thus, on comparing the results of two systems, it can be concluded that Au doped CeO2 NPs

has shown better photocatalytic efficiency as compared to Ag doped CeO2 NPs. This might



Chapter 5 Results and discussion Page 141

be due to greater ionic radii of Au1+ (151pm) as compared Ag1+ (129pm) in CeO2 lattice

(Ce3+ (115pm) and Ce4+ (101pm)) resulting better generation of oxygen vacancies.
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CHAPTER 6 

CONCLUSIONS AND FUTURE SCOPE  

 

Overview 

The present chapter summarizes the results obtained from various experiments discussed in 

previous chapters. Effect of morphology, capping agent, dopant and doping concentration, 

irradiation time and pH of the synthesized NPs (pH adjusted during synthesis) has been 

summarized. Results obtained from doped and capped ZnO NPs has been concluded. Further 

the conclusion drawn from the doped CeO2 NPs have also been summarized. Based on the 

results obtained from the present work, some suggestions have been given at the end of the 

chapter to carry out more work in this field. 
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6.1 Conclusions 

Undoped and doped ZnO nanoparticles (NPs) were synthesized by co-precipitation route under 

varying experimental conditions. The main objective behind this work was to synthesize 

photoactive material that could be used as a photocatalyst to remove harmful effluents from 

water sources and thus to safe human and aquatic life. As experimental conditions have 

dominant effect on structural and optical properties on photocatalysts so these were varied to 

obtain optimal parameters to synthesize highly photoactive photocatalysts.  

Undoped and Mn (0.5%, 1.0%, 1.5% & 2%) doped with PVP (1%) capped ZnO NPs has been 

synthesized by co-precipitation method. XRD showed highly crystalline wurtzite structure 

with crystallite size of 18-30nm. From TEM micrographs particle size comes out to be almost 

15-20nm and 22-25nm for Mn (1%) and Mn (2%) doped and PVP (1%) capped ZnO NPs 

respectively. PL and UV Visible spectroscopy has been done to see the influences of Mn doping 

on emission characteristics. Crystal violet dye has been successfully degraded using undoped 

and Mn doped ZnO NPs after 3.0h UV-Visible irradiation. Photocatalytic studies shows Mn 

(1%) doped and PVP (1%) capped ZnO NPs to be a better photocatalyst for degradation of 

crystal violet dye as compared to other photocatalysts when exposed to UV- Visible radiations 

for 1h only. Almost 100% dye has been degraded using Mn (1%) doped with PVP (1%) 

capped ZnO NPs after 3h of UV-Visible radiations. Kinetic studies show that photo 

degradation of CV follow a pseudo first-order kinetic law and reaction rate of Mn (1%) 

doped and PVP (1%) ZnO NPs is better as compared to others. Reusability studies showed 

that Mn (1%) doped and PVP (1%) capped ZnO NPs degrade CV dye at better rate. This 

shows that the synthesized catalyst has become a better catalyst after exposing it in UV-Visible 

radiations for 3h due to surface modification which leads to transition from hydrophobic state 

(low surface energy) to   hydrophilic (high surface energy) state that is also supported by UV-

Visible and Photoluminescence spectra of Mn (1%) doped and PVP (1%) capped ZnO NPs 

without and with 3h UV treatment. 

Further, undoped and Mn doped and TG capped ZnO NPs were synthesized by co-precipitation 

route initially at pH-6.7. XRD pattern confirm the formation of doped ZnO samples without 

any secondary phase appearance. PLE spectra have shown large absorption in visible region as 

compared to undoped NPs. PL emission and excitation spectra showed that incorporation of 

Mn ions in NPs have decreased electron-hole recombination. Photocatalytic studies shows that 

Mn (1.0%) doped ZnO NPs synthesized at pH-6.7 exhibits better photocatalyst when exposed 

to UV-Visible light radiations for 1h only. Similarly Mn doped ZnO samples synthesized at 
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pH-8.0 and 10.0 have shown 95% and more than 98% degradation of CV dye under similar 

conditions. When pH of the as synthesized Mn (1.0%) doped ZnO samples were raised to 12.0, 

almost 100% CV dye has been degraded in 2.5h only. Further fast and quick CV dye 

degradation has been observed when only 1.0% of H2O2 is added during photocatalytic 

reaction. 100% CV dye has been degraded in 90mins with Mn (1.0%) doped ZnO NPs 

synthesized at pH-8.0 and 10.0 in the presence of H2O2. Mn (1.0%) doped ZnO NPs 

synthesized at pH-12.0 has shown highest degradation reaction rate of CV dye and has 

degraded 100% dye in 30mins in the presence of H2O2. To check the utility of highly efficient 

photocatalyst for anionic dyes also in industries, degradation of polyazo Sirius red F3B 

(SRF3B) industrial dye has been studied and 100% degradation has been achieved in 15mins 

under UV-Visible light radiations. This means doping, pH and presence of H2O2 all have shown 

significant contribution for quick degradation of dye. With this system industrial effluents of 

any pH can be degraded quickly and thus will help to save aquatic life. 

As different dopant have different effects on photodegradation efficiency of host 

semiconductor materials. Therefore, TG (1.0%) capped undoped and Cu (1.0% - 5.0%) doped 

ZnO NPs were synthesized at pH-8.0 by co-precipitation route. XRD results confirm the 

formation of doped ZnO samples without any appearance of secondary phase. EDS studies 

shows the doping of Cu ions into the ZnO lattice. PLE spectra shows large absorption in visible 

region for Cu doped samples as compared to undoped NPs. PL emission spectra shows 

emission in visible region due to Cu ions by suppressing the emission in UV region appeared 

in undoped ZnO NPs. Cu doped ZnO NPs have exhibited higher degree of degradation as 

compared to other undoped samples at pH-8.0. Thus doping has enhanced the degradation by 

trapping electrons and holes and thus by reducing electron-hole recombination. Doping 

concentration of Cu has been optimized to be 3.0% showing smaller particle size, maximum 

PL emission intensity and red shifted band gap. Effect of changing pH on nucleation, 

morphology, related photo physical and photocatalytic properties has been successfully studied 

for Cu (3.0%) doped ZnO NPs synthesized at pH 8.0, 10.0 and 12.0. It has been found that Cu 

(3.0%) doped NPs synthesized at pH-8.0 and 10.0 degrades 78.7% and 96.5% of dye after 3.5h 

under exposure of UV-visible radiations and similar doped and capped sample prepared at pH-

12.0 degrades 100% of same concentration of dye after 2.5h under similar UV-Visible 

radiations. Loading of catalyst shows that 3.0g/L of catalyst shows maximum photodegradation 

of CV dye. Similar type of results has been obtained when Cu (1.0-5.0%) doped and PVP 

(1.0%) capped ZnO NPs were synthesized and evaluated their photocatalytic efficiency. Again 

Cu (3.0%) was found to be optimal initially at natural pH and was further selected to study the 
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effect of pH (adjusted during synthesis) on photocatalytic efficiency of ZnO NPs. It was found 

that Cu (3.0%) doped ZnO NPs synthesized at pH-12 has degraded almost 100% dye in 

150mins only which is 60 minutes early than the similar Cu doped ZnO NPs synthesized at 

natural pH. This means Cu doped with both TG and PVP capped samples has shown similar 

results indicting Cu (3.0%) doping is optimum for better photocatalytic activity. 

Also as ceria has high oxygen storage capacity so has been selected to evaluate as a 

photocatalyst. Ag doped ceria NPs with different amount of doping has been synthesized by 

co-precipitation method. Increase of doping concentration has resulted in increase in the 

amount of oxygen vacancies. 2.0 at.% of Ag doping has shown the higher photocatalytic 

activity than other as synthesized lower level of doped and undoped NPs due to lower band 

gap and the presence of optimum level of oxygen vacancies. However, above the optimal level 

of doping concentration, Ag1+ become recombination center which increases the electron-hole 

pair recombination and results in decrease in photocatalytic degradation efficiencies. As the 

NPs agglomerates in acidic environment of dye solution, at optimized dopant concentration, 

Ag1+ doped ceria NPs has been synthesized at higher pH value. Thus the presence of Ag1+/ Ag0 

and Ag2+/Ag1+ additional energy levels of Ag1+ in ceria NPs, presence of sufficient oxygen 

vacancies and proper maintenance of pH during synthesis of optimal doped ceria NPs have 

shown higher photodegradation efficiency of RhB dye in UV-Vis. irradiations. Further Au 

doped CeO2 NPs has also been synthesized initially at natural pH. XRD results have shown no 

peak related to Au or any other impurity indicating that Au has been doped into ceria lattice. 

Further there is a (1 1 1) peak shifting towards higher 2θ value attributed to smaller ionic radii 

of Au3+ ion as compared to Ce. Also contraction in ceria lattice may be due to oxygen 

vacancies. Au (4.0%) doped ceria sample synthesized at natural pH have shown highest 

photocatalytic efficiency as compared to undoped and other doped ceria samples. This category 

of doping has been selected to synthesize at higher pH value during synthesis. Sample 

synthesized at pH-12 has shown remarkable photocatalytic efficiency. Within 120 minutes 

more than 99% RhB dye has been degraded with Au (0.4%) doped sample synthesized at pH-

12.0. This means Ag and Au doped ceria samples synthesized at higher pH value can be used 

as a photocatalyst in various industries to reduce water pollution. 

6.2 Future scope 
Although extensive studies has been done to improve the photocatalytic efficiency of ZnO and 

CeO2 NPs, still there are many possibilities of further investigations to enhance their 

photocatalytic properties. Some of the suggested possibilities are listed below: 
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• Effect of UV treatment at different time period can be studied on optical, morphological and    

photocatalytic properties of doped semiconductor photocatalysts. 

• Effect of temperature on photocatalytic reactions can be studied to further explore the 

photocatalytic efficiencies of semiconductor photocatalysts. 

• ZnO-CeO2 nano-composites can be synthesized at different pH values to study their effect 

on optical and photocatalytic properties. 

• For better charge transportation, semiconductor materials along with doping can be 

decorated on graphene so as to increase the movement of e-h pair towards the surface of 

synthesized NPs by retarding the e-h pair recombination and thus to increase the 

photocatalytic efficiency of semiconductor photocatalysts. 

• Ceria based photocatalysts can play an important role is renewable energy production from 

solar energy, environment protection and remediation, so it is important to study its optical, 

morphological and photocatalytic properties in detail along with doping and co-doing. 
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