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Abstract

Full Name : Adekolapo Adeniran Adesida

Thesis Title  : Synthesis and Characterization of Graphitic Carbon Nitride based nano
structured composite

Major Field : Chemistry
Date of Degree : April, 2015.

This Master thesis deals with preparation of series of WO3/g-C3N4 and Au/Ag/ g-CsN4
composites with different mass ratios. WO3/g-C3N4 composite was prepared by simple
pyrolysis method, using tungstic acid and melamine as the starting materials; while Au/Ag/
g-C3N4 was prepared by wet incipient impregnation and photodeposition methods using
gold chloride , silver nitrate, and melamine as precursors. The microstructure and optical
properties of as-synthesized WOs3/g-C3Ns composites were investigated by X-ray
diffraction, UV-Vis diffuse reflection spectroscopy, field emission scanning electron
microscopy (FESEM), and photoluminescence spectroscopy; and also high-resolution
transmission electron microscopy (HRTEM) was also used to study the nanostructure

property of the as-synthesized Au/Ag/ g-C3N4 composites.

Compared with WO3, g-C3N4 and well-known commercial photocatalysts, an improved
visible-light-induced photodegradation of Rhodamine B and methyl tertiary butyl ether in
aqueous solution was observed on WOs3/g-C3N4 composite, due to the high carrier
separation efficiency at the interface between WO3 and ¢g-C3Ni. Moreover, the
photoactivity and photostability of catalyst after many runs was also evaluated.
Furthermore, studies revealed that the synthesized g-CsNa doped with silver and gold
nanoparticles (Au/Ag/g-C3N4) were having a range of 12 to 50 nm. The nano-catalysts

were also applied for the removal of organic contaminants (dyes). The effect of different
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experimental parameters such as mass ratio, dopants content, and exposure to irradiation
time on removal of dye was investigated. Results showed that various parameters
mentioned above have effect on the photoactivity of the catalysts. Reaction kinetics for the

degradation process was also discussed.
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CHAPTER 1

INTRODUCTION

Owing to the effect of global warming on the atmosphere and global energy demands, the need
for an alternative clean energy to address environmental and energy issue cannot be neglected
[1]. Among the alarming environmental issues is the lack of fresh water supply especially
among underdeveloped and developing countries, owing to factors such as underdevelopment
of infrastructures, industrial growth etc. Water is a very important component of the human
body. Lack of clean water in the body also known as dehydration could lead to reduction in
mental performance and physical coordination. This also leads to inhibition in several basic
physical processes such as muscle movement, breathing, digestion etc. Especially in
developing countries, wastewater is mostly discharged into streams and river directly without
proper treatment. This in turn results into a lot of incurable water borne diseases that causes a
lot of death in underdeveloped and developing nations. Hence, a clean water source is a
prerogative of every nation for healthy living. Several sectors of the economy such as
construction, agriculture, chemical industries also make use of a large amount of water to
realize their services. Developed and industrialized countries most of the times encounter
enormous array of environmental issues associated with rectification of hazardous wastewater,
groundwater and toxic air treatment. Industrial and municipal wastewater have been found to
contain wide range of organic pollutants [2]. The release of organic pollutants like dyes in
wastewater in our environment is a source of pollution, perturbation and eutrophication in

aquatic life. Rhodamines B (RhB) as well as some N-containing dyes undergo natural



reductive anaerobic degradation to yield potentially carcinogenic aromatic amines; and most
of the dyes are resistant to direct photolysis and biodegradation [3, 4]. Synthetic organic
substances like Nitrogen-containing contaminants such as rhodamine B, present in these
wastewaters, constitute harsh problem in biological treatment systems as a result of their
resistance to biodegradation and conventional treatment, and have proved abortive and
environmentally not compatible [4, 5]. Hence, there is need for pretreatment methods to reduce
the concentration of organic pollutants form water bodies before reuse, prevent exposure to
disease causing microbes, preserve aquatic life and wild life habitat, and eventually promote
public hygiene. Several conventional techniques for remediation of contaminants such as
adsorption, flocculation/sedimentation, membrane separation, distillation/evaporation, high
temperature incineration, ozonation, chlorination, ion exchange, reverse osmosis, aeration,
chemical oxidation and extraction have all been utilized in the past. However, most of the
techniques above have a drawback in that the products formed after require further treatment
since they are most times not biodegradable. Hence, the application of alternative treatment
technologies, like photocatalytic technology applying semiconductor particulate system, is of
great appeal than other conventional methods, for decomposition of toxic compounds to non-
hazardous products [5-10].

Abundance of sunlight containing a large amount of visible light ensures photocatalytic
technology is worth considering. This is because the techhnology ensures complete
degradation of dissolved organic pollutants in water and soil into harmless and environmental
friendly byproducts like carbondioxide and water. Advanced oxidation process (phocatalytic
technology) also has an advantage of being able to be carried out under mild conditions of low

temperature, pressure and energy consumption in comparison to other conventional



techniques. Ever since the report of fujishima and Honda in 1972 about the light-driven
splitting of water into H> and Oz with the aid of TiO2 [11] photocatalytic process with
semiconductor has become a promising technology in combating environmental and energy
global demand issues. Applications like production of renewable fuel [1, 12-16] via
degradation of carbondioxide and water splitting into production of hydrogen for fuel cell
technology [11, 17] are made possible efficiently and environmentally friendly by
photocatalytic process.

Photocatalytic technology involves the application of a substance, semiconductors mostly, to
energise and speed up a light-sensitive reaction without experiencing deterioration.
Principally, when a solid undergoes photoactivation, whereby an equally energetic photon is
absorbed by a semiconductor; an electron is excited from a valence band where a hole is
created, to the conduction band as shown in fig 1.1 [5]. Semiconductors have a vacant energy
region where no energy levels are capable of recombining the electron and the positively
charged hole. The unoccupied energy region which extends from top of the filled valence band
and the bottom of the vacant conduction band is called band gap. Following the generation of
the positive holes and the electrons under photocatalytic effect, redox (oxidation and reduction)
reactions takes place at the surface of semiconductors [5, 18]. Hydroxyl and peroxide radicals
can react with the electrons as well as organic compounds with valence bond holes through
oxidative degradation [7]. The conversion efficiency of redox reaction initiated by the
photogeneration of e™-h* depends on larger band gap energy than desired reaction, suitability
of CB and VB for induced redox processes, and faster redox reaction rate than e-h+

recombination process [5, 18].



Figure 1.1 e—— h+ pair formation by illuminated semiconductor particle from valence band

(VB) to the conduction band (CB)

Also, focus on photocatalytic technology has been shifted onto use of nano structured particles.
Knowing that the size of a particle has an inverse relationship with the surface area; increase
in surface area in nanoparticles can be utilized to maximize light absorption [19]. Furthermore,
the band gap energy is directly related to the particle size. Decreasing the particle size of the
photocatalyst to an extent ensures a display of high band gap energies in that there is a valence
band energy shift to lower energies whereas the conducting band shifts to the higher energies.
On the contrary, with significant narrow band gap energy, it is difficult to achieve required
redox potentials for the redox reaction necessary for the process. Hence, there is a need to
develop a nano structure which demonstrates efficient band gap energy range and improved

particle size.



In the whole energy of incoming solar spectrum, ultraviolet radiation (k < 400 nm) accounts
to only less than 4% [6, 8], while the visible light (380-800)nm is around 42% [20]. Hence,
effective utilization of the visible light of solar radiation, as in the photosynthesis of plants,
has been a long ‘‘dream’’ of the photochemical researchers. Hence, effort has to be made to
synthesize material with visible light absorption edge. Otherwise, materials that absorb in the
UV region have to either be improved by combination with other semiconductors or be doped
with metals or nonmetals to shift their absorbing edges.

Since the discovery by Fujisima and Honda in 1972 for photocatalytic splitting of water into
oxygen and hydrogen [11], semiconductor TiO: in presence of UV radiation has become the
benchmark photocatalyst for degradation of water bound pollutants as documented in the
literature. This is due to its availability, nontoxicity, efficiency, high chemical stability and
superior photoactivity [21]. Nevertheless, the drawback of TiO. semiconductor is that it
absorbs a small portion of solar spectrum in the UV region with band gap energy between
3.0eV-3.2 eV [6, 20-23]. Although semiconductors with large band gaps have strong photo
activity but they are limited to UV absorption only.

In addition to TiO2, several other semiconductors (oxides, sulphides such as WOs, TiO2, ZnO,
ZnS, CdS, InoOgzetc.) have been also probed and have been found useful as catalyst in advanced
oxidation processes owing to their suitable entirely occupied valence band and vacant
conduction band [24]. Among the oxides, the rutile and anatase forms of TiO2 exhibits better
performance when irradiated due to properties highlighted above[19, 24]. Also, the formation
of Zn(OH). from unstable ZnO deactivates the catalyst and makes it less efficient. Sulphides
of cadmium and zinc are alternatives but they undergo self-oxidation which leads to photo

corrosion.



Hence, there is a need to develop a high photoactivity, visible light sensitive, good particle size
and band gap energy range catalysts, such as g-CsN4 based materials with narrow band gap
2.8eV [20], to exploit more solar power energy. Therefore, the development of new materials
(visible light sensitive catalyst with tunable properties, narrow and appropriate band gap) is
needed to increase the activity for the practical applications using visible/solar energy.

Since it was first studied and reported as a visible light response catalyst in 2009 by wang et
al for hydrogen production via water splitting[25]; graphitic carbon nitride has been widely
accepted and improved upon to counter its disadvantage of high recombination of
photogenerated e-h*, which reduces its photoactivity.

Thus, for efficiency and high conversion of solar power, this thesis investigated g-C3N4 based
semiconductors with following properties:

A) non-toxicity

B) large surface area,

C) broad absorption spectra with high absorption coefficients,

D) Tunable properties which can be modified by size reduction, doping, photosensitizers

E) Facility for multielectron transfer process and

F) High activity stability.

Thus, g-CsN4 based nano structured materials was synthesized, investigated and doped in
different portions with metals and nonmetals with appropriate properties to improve its
efficiency.

General scheme for advanced oxidation process (photocatalysis) is shown below in fig 1.2.
Typically, the semiconductor absorbs photons with energy value higher than band gap energy

of the semiconductor which then excites electron to the conduction band and creates a hole in



the valence band. The e-h* generated can drive a redox reaction depending on following
factors:

A) Band gap energy between e— and h+ is larger than the energy required for desired reaction.
B) The redox potentials of the e— and h+ (thus the position of CB and VB) are suitable for
inducing redox processes.

C) The rates of these redox reactions are faster than or at least fast enough to compete with the

e— — h+ recombination.
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Figure 2.2 Schematic diagram of photocatalytical process initiated by photon acting on the
semiconductor



Hence, atmospheric oxygen and water molecules at the surface of the photocatalyst reacts with
the e— and h+ generated; and yields oxidizing intermediates such as superoxide radicals,
hydroxyl radicals etc. which are capable of oxidative degradation of organic pollutants

according to the following equations below.

SC + hv — > SC (ew, h")

SC (h*) + Dags ———» SC + D*ags

SC (ech) + Aads —>  SC+Auws

HO° + HO— 5 H02 ——» H0 + 1/20;
SC(ew) +Hf —— SC + He

Ho+ Ho —— H,

HO°+ He » H>O (Recombination)
Hz + 1/20,— > H:0 (Recombination)

O2@ds) + €chp —— 02"

H* + O° > H.O°
e +h' » heat (Recombination)
Aads = Adsorbed acceptor Dads = Adsorbed donor

SC = Semiconductor

In this thesis, effort was made to investigate the improvement of the performance of the graphitic
carbon nitride through the photocatalytic degradation of toxic dye (organic pollutant), Rhodamine
B, using graphitic carbon nitride combined with metal oxide (tungstic oxide) and doped graphitic

carbon nitride with silver and gold nanoparticles. Several modified samples of graphitic nitride



(pure, combined with metal oxides in different mass ratios, doped with metal and nonmetal
nanoparticles) were synthesized by several methods such as hydrothermal and photodeposition.
Synthesized materials were applied for removal of contaminants from water using Xenon lamp

irradiation with cut-off light filters restricting the irradiation to visible region [20].

The daunting challenge of graphitic carbon nitride as a semiconductor is the high recombination
of photogenerated e-h*, which reduces its photoefficiency. Efforts have been made to overcome
the ecv-hwe™ recombination process by coupling g-CsN4with other suitable catalyst such as tungstic

oxide, metal/nonmetal species etc.

In this study, two different techniques were utilized to inhibit the e™-h* recombination effect which
eventually improves the photo efficiency of graphitic carbon nitride. Firstly, in combination with
a suitable metal oxide, the recombination effect is reduced by the formation of heterostructure

junction between the two semiconductors owing to the synergetic effect between them.

Secondly, the strong surface plasmonic effect of electron trappers such as gold and silver
nanoparticles which helps to improve the photocatalytic performance of g-CsN4 was effectively
studied and investigated. Surface plasmon resonance (SPR) effect has its source ascribed to the
aggregate oscillation of the available conduction electrons on the surface of metal nanoparticles,
driven by an interacting electromagnetic field [26, 27]. Nanoparticles of noble and alkali metals
such as gold, silver, copper display good optical properties by having broad absorption in the

visible region due to this effect [27].

The influence of irradiation time, catalyst concentration, dopant concentration on the graphitic

carbon nitride was also investigated.



The objective of the research work was to synthesis graphitic carbon nitride based nano structured
composites like g-CsN4/WO3, g-C3Na/Ag/Au, etc. The g-CaN4/Ag/Au composite was doped by
silver and gold nanoparticles through photodeposition technique, while the g-C3N4/WOs composite
was synthesized using facile preparation method. Structural and microstructural characterization
was performed and investigated using High Resolution Transmission Electron Microscope
(HRTEM) and Field Emission Scanning Electron Microscope (FESEM) characterization
techniques respectively, while X-ray Photoelectron Spectroscopy (XPS) for chemical analysis
(surface composition), and UV-VIS spectrophotometry (reflectance, transmittance) for optical
study. X-ray Diffraction (XRD) and Grazing Angle X-ray Diffraction (GAXRD) were applied in
examining the mineralogical properties of the materials. We investigated photocatalysis
experiment with different light sources, i.e. (i) sunlight, (ii) visible light using xenon lamp (having

different light filters).

The synthesized materials were applied to investigate the degradation of rhodamine B. Rhodamine
B (Rh B) is a nitrogen-containing organic pollutant (as shown in the fig 1.3 below), which can be
found in the effluent of industries such as textile, cosmetic etc. Rhodamine B is not responsive to
direct photolysis and biodegradation; and also it undergoes anaerobic degradation to produce
latently carcinogenic aromatic amines [3]. Several conventional treatment method such as
flocculation, filtration etc. have been used but they are ineffective and not environmentally friendly

[5]; hence the application of advanced oxidation process.
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Figure 1.3 Rhodamine B structure

The effect of different catalys and dopant composition were analytically and properly studied. It
was observed that under the given experimental conditions, the rhodamine B degradation

followed a pseudo first order Kinetics.

1.1 Overview of Dissertation

This dissertation consists of four chapters.

This chapter introduces the advanced oxidation process. It also introduces the application of
several semiconductor catalysts for this process. Their different synthesis methods were also

discussed.

The following chapter (chapter two) deals with literature review of various syntheses of different
catalysts and their application. Also, the various application of graphitic carbon nitride was also

reviewed.

The third chapter deals with the experimental methods used to synthesize different catalysts, and
various characterization techniques for analysis. It also contains details about the application

procedure used to evaluate the performances of the catalysts.
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In chapter four, details about the synthesis, characterization and application of the various

composites prepared were fully discussed.

1.2 Objectives

The major objective of the proposed study is to study graphitic carbon nitride semiconductors, and
to improve their efficiency by combination with another suitable semiconductor or through doping

of metals and nonmetals. However specific objectives are as follows:

I.  Synthesis of g-C3N4 based nano structured composites doped in different portions by

various methods such as hydrothermal, pyrolysis, photodeposition and sol-gel methods.

Il.  Characterization and morphological studies of synthesized photocatalysts using Fourier
Transform Infra-red (FTIR), High Resolution Transmission Electron Microscope
(HRTEM), Field Emission scanning electron microscopy (FESEM), x-ray diffraction
(XRD), UV-VIS spectrophotometry (reflectance, transmission) and X-ray spectroscopy

(XPS).

I1l.  Development of an experimental setup to evaluate the performance of the prepared
catalysts i.e. (i) using visible light source (xenon lamp and natural sunlight) and (ii) with

laser light; for removal of pollutants from water.

Absorbance of the standard solutions will be measured before irradiation with catalyst and

reflectance of different light filters using UV-spectrophotometer.

12



CHAPTER 2

LITERATURE REVIEW

2.1  Heterogeneous Catalysts

Environmental friendly waste water treatment method is an important process to conserve water,
to save human and aquatic life from toxic organic and inorganic content in industrial and municipal
water, with a technique that does not in turn pollute the air. In the past, methods that have been
used include activated carbon adsorption, chemical oxidation and biological digestion. Advanced
oxidation process with TiO2/UV light [2] edges the former techniques with advantages like lack
of mass transfer limitations when nanophotocatalyst is involved, process been carried out at

ambient temperature, and the potential use of available and cheap solar power [5].

Titanium dioxide, TiO. under irradiation by ultraviolet rays of natural or artificial lighting, has
been found effective in adavanced oxidation technology with advantages like high oxidizing
power, availability, non-toxicity and stability. Drawback of TiO2 includes low catalytic efficiency
due to faster rate of recombination process of e and h*, which has limited its use and demanded
of researchers a way to incorporate other materials by doping to complement its properties or
discover better and tunable visible light driven photocatalyst. Irradiation of TiO2 photocatalyst
with light of energy equal to or greater than its band gap energy generates positive holes in the

valence band and excites the electrons to the conduction band. Photogenerated positive holes can
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react with adsorbed H>O to form hydroxyl radicals while the electrons react with Oz to form
superoxide radicals. Highly reactive hydroxyl and superoxide radicals can oxidize the pollutants
in solution or react with adsorbed pollutants. Otherwise, the electron and hole pairs can recombine.
In order to overcome the limitations of TiO, (high band gap energy (3.2 eV) and high
recombination rate of e” and h*), many attempts have been made to prepare different modification
of TiO2 by depositing of noble metals and incorporating metal oxides to improve the separation

between free charge carriers.

Exploitation of photocatalyst response to visible light can take two different approaches. Firstly,
UV-active oxides like TiO2 and InTaO4 can be doped with metals and non-metals species to
become visible light sensitive by impregnation method. Zhenfeng Bian et al. reported a strong
photochemical response in the visible region due to surface plamonic resonance of TiO2 doped
with gold nanoparticles (NPS) [26]. Sammy W. Verbruggen et al. also reported spatial

organization of the metal nanoparticles in contact with TiO2/AuxAgu-x) alloy nanoparticles

displaying a strong composition-dependent surface plasmon resonance in the visible light region

of the spectrum [28-31].

Second approach that has been investigated is the synthesis of different visible light sensitive metal
oxide composites by hydrothermal or sol-gel methods [32], such as nano structured WO3 [33],
Bi2WOs/BiVO4 [34], BIOCI/Bi»03 [35], and BiOCI/BiOBr [36]. The improved photocatalytic
activity in the above composites is due to the synergy effect and heterojunction formed between

different oxides reacted together.
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2.2  Graphitic Carbon Nitride as a Visible Light Driven Catalyst

Recently, g-C3N4 has emerged an intriguing choice as photocatalyst, although a polymeric
imitative was initially synthesized by Berzelius and termed by Liebig in 1834 as “melon” to be

one of the oldest synthesized polymers [37].

G-C3N4 possess the highest stability of all the allotropes of carbon nitride, and it is a polymeric
semiconductor majorly comprising carbon and nitrogen, for which organic reactions can be applied
in altering its reactivity without having much of its composition changed [37]. The skeleton
topology initially identified in g-CsNa is in fact hypothetically a defect-rich, N-bridged “poly(tri-
s-triazine)” [38]. With the s-triazine ring (CsNs) being aromatic, it is anticipated that a two-
dimensional, conjugated polymer of s-triazine would incline to form a p-conjugated planar layers
resembling the type like graphite, which has been confirmed by wide-angle X-ray diffraction
(XRD) patterns, SEM and TEM investigations [38]. The tri-s-triazine ring framework (shown in
fig 2.1) possessing a high condensation rate allows the polymer a high degree of stability thermally
(up to 600°C in air) and chemically (e.g. acid, base, and organic solvents) and a suitable electronic
structure, having an indirect semiconductor medium-bandgap [38]. This in turn permits its
application directly in sustainable chemistry as a versatile and all-purpose heterogeneous metal-
free visible light driven catalyst, for example in oxidative degradation of organic pollutants [20,

39, 40] or hydrogen production from water splitting [25].
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Tri-s-triazine (melem) unit

Figure 2.1 Melem structure and interlayer structure of g-C3Na

In 2009, Wang et al. first reported the synthesis of novel molecular photocatalyst of polymeric
graphitic carbon nitride (g-CaN4) used in application for H> production [25]. Quickly thereafter,
relevant investigations were conducted owing to its advantages such as nontoxicity, high
photostability in pH range (0—14), ease to be prepared and narrow band gap (2.7eV). However, it
has disadvantage such as high recombination rate of the photogenerated charge carriers.
Incorporating other appropriate semiconductor materials to form a heterojunction structure is a
novel and efficient route to improve its photoactivity. Composites that exhibit heterojunction
properties with graphitic nitride has been reported such as, WOz/g-C3N4[20], Bi2WOe/g-CaN4 [41],
g-C3N4/BiOCIxBri—x [40], g-C3N4/AgsPOus 1187, Ag/AgBr/g-CaNa [8], g-C3N4/ZnO [42], g-C3Na
ICu20 [43], g-C3N4-TiO2 [44, 45], C0304-g-C3N4 [46], In203/g-C3sN4 [47], g-CaNa/AgsVVO4 [48],

g-C3N4/M003[49], g-CaNa/SmVO4[50], MWNTSs/g-C3sN4 [51], Fes04/g-CaN4 [52].
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Guohui Dong et al also recently prepared by facile method, a porous graphene like carbon nitride,
which was then successfully applied in the removal of Nitrogen oxide (NO) through photocatalytic
method [53]. Sulphur doped graphitic carbon nitride was also synthesized from thiourea
calcination and then used for carbon dioxide reduction by Ke Wang and group [54]. High
efficiency was also reported by Yiming He et al to be achieved in the conversion of carbon dioxide

into fuel through the application of ZnO/g-C3Na [55].

Also, several nanoparticles of noble metals have been incorporated as dopants on graphitic carbon
nitride to reduce the electron-hole recombination effect through surface plasmon resonance.
Surface plasmon resonance effect of noble metal nanoparticles can be ascribed to the accumulative
oscillation of free conducting electrons which are energized by interacting electromagnetic field
[27]; and the hot electrons have been reported to be injected onto the conduction band of the
photocatalyst over schottky barrier (metal-semiconductor junction) [26]. These noble metal
nanoparticles can effectively absorb visible light due to their surface plasmon resonance (SPR),
which can be tailored and controlled by their shape, particle size and environment. Several metal
nanoparticles have been applied to improve graphitic carbon nitride through surface plasmon
resonance effect [27]. Yuanguo Xu et al designed and fabricated plasmonic Ag/AgBr/g-CsNa
catalyst through solvothermal method, which displays enhanced photocatalytic performance on g-
C3N4 owing to the high dispersion of Ag/AgBr on the surface of it [7]. Lichan Chen et al prepared
gold nanoparticle graphite-like CsNs4s nanosheet nanohybrid for application in
electrochemiluminiscent immunosensor (ECL); and it was shown that there was highly stable and
strong display of cathodic ECL reactivity in comparison to pure g-CsN4 owing to significant
roles of Au nanoparticles trapping electrons from the conduction band of g-C3Ns as well as

preventing rapid recombination of elctrons [56]. Shouwei Zhang et al synthesized plasmonic
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Ag/AgCl/g-CsNa4 photocatalyst by an ion exchange approach on g-CsN4 sheet; and an enhanced
performance under visible light was reported on rhodamine B degradation due to integration of
synergetic effect of suitable size plasmonic Ag/AgCl and strong coupling effect between Ag/AgCl
and g-CsNa4 sheet [57]. Subhajyoti Samantha et al deposited gold nanoparticles on g-CsN4 sheet by
facial deposition forming a plasmon photocatalyst, and reported enhanced photoactivity of the
polymer by application on hydrogen production under visible light irradiation [58]. Yuyu Bu et al
applied electrochemical methods in investigating photoconvertion of plasmonic Ag/ mg-CsN4
(mesoporous g-CsNas) [59]. Other applications of plasmon catalyst were reported such as g-

C3N4/Ag/TiO2 [60], Pt/g-C3N4 [61], and g-C3N4/Ag20 [62].

In countries with quite a large amount of sunlight like Saudi Arabia, photocatalytic method to
solve environmental issue in degrading organic pollutant from wastewater, should be invested in
and properly exploited. In this study, the different approaches of preparing and synthesizing
graphitic carbon nitride (g-CsN4) based nano structured composites discussed above will be

properly probed and investigated.

CHAPTER 3

EXPERIMENTAL METHODS, CHARACTERIZATION TECHNIQUES AND
APPLICATION PROCEDURE
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In this chapter, all experimental details as regards synthesis of different catalysts through different
methods such as facile preparation, hydrothermal and photodeposition are discussed. Furthermore,
characterization techniques to analyse the identities of synthesized catalysts are discussed; and
application procedure (photodegradation) to evaluate their efficiencies is properly explained in

details.

3.1  Synthesis of Composite Catalysts

3.1.1 Synthesis of g-C3N4

Fig 3.1 displays graphitic nitride, which is an attractive earth-rich visible light photocatalyst, with
a distinct 2-dimensional structure, with high chemical and thermal stability and tunable electronic
and optical properties [63]. It can be synthesized in a single step polymerization and direct
condensation of economical organic nitrogen-rich precursors such as cyanamide, dicyandiamide,

melamine, thiourea, urea; mostly with surface area less than 10 m?/g [63].
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Fig 3.1 Reaction route from melamine to graphitic carbon nitrtide

In this research, melamine was chosen as precursor to directly synthesize graphitic carbon nitride
by pyrolysis. Melamine is a three triazine heterocyclic organic compound, which displays a white
monoclinic crystal at room temperature with no unique odour among other properties [64]. Hence,
graphitic carbon nitride consists of several melem units stacked in an interlayered structure as

displayed in fig 3.1.

Pyrolysis of melamine for two hours at 500°C and further deamination for 2hrs at 550 °C at heating

rate of 2.2 «C min! yields g-C3N4 according to the reaction route displayed in fig. 3.1.
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3.1.2 Synthesis of WO3/g-C3N4

The pure g-C3Ns was prepared by directly pyrolysis of melamine at 500°C for 2 h, and further
deamination treatment was carried out at 550 "C for 2 h [25, 26] as illustrated in the flowchart in
fig 3.2. A series of WO3(x)/g-CaNas1-x) composite photocatalysts (‘x’’ denotes the mass ratio of
WO:s in the corresponding composite) were prepared through direct heating of HoWO4/g-C3N4

composites (prepared by grinding for 5 min) at 300°C.

CsHeNei)

| Pyrolysis 500°C/2hrs

v

g-GN,

| Deamination 550°C 2hrs

H,W0,4(s) ﬂ g-C3Nyyg

Grind (Smin) 300°C (2hrs)

woﬂlx]/ g-CsNyj1y

Figure 3.2 Schematic flowchart displaying synthesis steps for as-prepared composite
WO3(x)/g-C3Na(1-x)
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X(WO3) % Samples

0 9-C3N4

10 WO3(0.1) /g-C3Na4(0.9)
20 W0O3(0.2) /g-C3Na4(0.8)
50 WO3(0.5) /g-C3Na(0.5)
80 WO3(0.8) /g-C3N4(0.2)
90 WO3(0.9) /g-C3Na(0.1)
100 WOs3

Table 1 Different mass ratios of WO3(x)/g-CaN4(1-x) as-prepared composite

3.1.3 Synthesis of Au/Ag/g-CsN4

As detailed below in fig 3.3, the modified Turkevich method was adopted for depositing different
compositions of Au-Ag alloy NPs at the surface of g-CsNa4[28]. In Au-Ag alloy loaded g-C3N4
photocatalysts, and the proportion of Ag was fixed at 1%, whereas the amount of Au was varied
as 0.5%, 1% and 3% with respect to the weight of g-CsN4. The required amounts of 0.01M
HAuUCI4.3H20 and 0.01M AgNOs precursor solutions were mixed and boiled under vigorous

stirring (400-600 rmp). Then 1 ml of freshly prepared sodium citrate was added and boiled for 30
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min which lead to the formation of the Au-Ag colloidal NPs solution. The appropriate amount of
g-CsN4 was dispersed in colloidal Au-Ag NPs solution ultrasonically. The dispersion of Au-Ag
NPs and g-C3Ns was subjected to UV light exposure for photo-impregnation process under
vigorous stirring for 30 min. A 450 W Xenon arc lamp equipped with UV band pass filter, Oriel,
USA was used as the UV source. The slurry was filtered, washed and dried overnight at 110°C
under vacuum. The same protocol was adopted for the synthesis of 1%Ag and 1%Au loaded g-

CsNa.

AU[K] in DI HQO ﬂ Agtx] in DI H,0

|

500ml H,0 boil @ 200°C, 400 rpm

v

1% wt Na Citrate, boil for 30mins

! |

Add g-CsN.+ Sonicate 15mins + irradiate under VIS , Ultra sonication and
for 45mins + Centrifuge and wash with DI H;0

Photo-impregnation

Dry @ 100°C for 8hrs

¥

Agix) Aug/8-CsN,

Figure 3.3 Schematic flowchart displaying synthesis steps for as-prepared composite Au/Ag/g-
CsNy
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3.2  Characterization techniques

3.2.1 X-Ray Diffraction Analysis

The crystal structure of synthesized catalysts was investigated and studied with wide angle X-ray

diffractometer (Bruker Advance D8, Philips X’ Pert PRO 3040/60) equipped with Cu-K «

radiation source within the range of 26 =10°to 2 6 =90° range.

3.2.2 Field Emission Scanning Electron Microscope (FESEM)

FESEM is a characterization technique applied to probe the microstructural properties of materials.
The fundamental steps for imaging of a sample include formation of an electron beam, interaction
between sample and beam, gathering information of the sample and formation of an image. The
incident electron beam (about 20KV) hits the surface of the sample and strikes on it, which then

yields various photons and electron signals generated after the interaction.

The microstructure and morphology of prepared samples were examined with Field emission

scanning electron microscopy (FESEM, Tescan Lyra-3).

3.2.3 High Resolution Transmission Electron Microscope (HR-TEM)

To analyze the fine structure of the synthesized powders, transmission electron microscopy
(TEM), JEM2100F, JEOL at 200KV was applied. The steps highlighted above for FESEM are as

well applicable here but on a fine scale and at higher voltage of electron beam.

3.2.4 UV-Vis Spectrophotometry
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A JASCO, V-670, UV-Vis-NIR spectrophotometer was used for recording the solid-state
absorption and diffused reflectance spectra (DRS) of the synthesized catalysts using pure Barium
Sulphate pellet as a reference. The measurements were carried out within the wavelength range

(200-800) nm and under atmospheric conditions.

3.2.5 Photoluminiscence

The photoluminescence emission spectra were measured on a spectroflourometer (Horiba Jobin—
Yvon) using the Xenon lamp as a source of excitation. All the samples were excited at 380 nm and
the emission spectrum recorded in the range of 400-700 nm. This demonstrates and displays the

electron emission intensity of the prepared materials.

3.2.6 X-Ray Photoelectron Spectroscopy (XPS)

This is a surface-specific characterization tool, which is applied to ascertain the chemical
environment and elemental oxidation state of a material. The XPS profile of prepared samples was
acquired by a wide survey scan using X-ray Photoelectron Spectrometer (PHI 5000 Versa Probe
I, ULVAC-PHI Inc.). The binding energy was varied between 0 eV to 1100 eV. The oxidation
states of the metallic components were evaluated by comparing the obtained binding energy values
with that of standard values. Gaussian model was applied for curve fitting and the identification

of the number and precise binding energy of each state.
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3.2.7 Total Organic Carbon

The mineralization progress was monitored by measuring the total organic carbon (TOC) of the
samples by using TOC-VCPH total carbon analyzer supplied by Shimadzu Corporation, Japan.

The experiments were performed at 25 £1°C.

3.3  Photocatalytic Experiments

The photocatalytic performance of the synthesized photocatalysts was evaluated for the
degradation (decolorization/mineralization) of Rhodamine B (10 ppm) in 200ml cylindrical glass
reactor made up of Pyrex® glass. A 450-W Xe arc lamp (Oriel, USA) equipped with UV cut off
filter was used as excitation source. The experiments were performed in batches. Prior to
photocatalytic studies, the dark experiments were performed to establish the adsorption-desorption
equilibrium between the dye and catalysts. In a typical photocatalytic experiment in visible light
exposure, 100 ml of dye/catalyst suspension containing, 100 mg of the respective catalyst, was
exposed to visible light (420-800nm) for 240 min under stirring. The samples (5 ml each) were
drawn from the reactor after every 15 min in the initial 60 min, after every 30 min in the next hour
and after 60 min in the final 120 min. After centrifuging at 4000 rpm for the removal of catalyst,
the progress of the decolorization process was monitored using UV Visible spectroscopy. A
JASCO 570 UV-Vis spectrophotometer was employed to record the absorption spectra of the

exposed samples..
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CHAPTER 4

RESULTS AND DISCUSSION

4.1  Preparation of WOz3/g-C3sN4 composites and their enhanced photodegradation of

contaminants in aqueous solution under visible light irradiation
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4.1.1 Introduction
Sunlight power is natural, and quite simple energy that is tapped from the radiations of the sun.

The sun is continuously radiating an enormous amount of solar energy.Various innovative ways
have been developed by modern technologist to convert solar energy into electrical and chemical
energies. Since its first report in 1972 [11], photocatalysis has become a promising technology to
solve energy and environmental problems. TiO> has been widely used as a popular photocatalyst
due to its various advantages such as unique optical and electronic properties, low cost, chemical
stability, non-toxicity, and superior photocatalytic activity. However, its large band gap (3.2 eV)
restricts efficient absorption of visible light, which is around 42 % of the total light spectrum of
the solar radiations [65, 66]. The concept of ‘‘low-carbon and green life’’ as well as the pioneer
achievements are inspiring a great enthusiasm to develop highly efficient photocatalysts to
improve the quantum efficiency under visible light (380—780 nm). In the past 13 years, a great deal
of effort have been put into the investigation of searching and developing novel photocatalysts
which can be driven by visible light [67-73]. In early 2009, g-C3Na4 was first reported as a visible-
light response photocatalyst by Wang and co-workers, which was used for H> production from
water splitting with triethanolamine as a sacrificial electron donor under visible light exposure
[74].

Quickly thereafter, in order to overcome the disadvantages of g-CsNas (such as the high
recombination rate of the photogenerated charge carriers), numbers of g-C3N4 based composite
photocatalysts have been extensively reported, such as g-CsNa4/TiO2 [44, 45], AgsPO4/g-C3N4 [18],
g-C3sN4/SiO2-HNb3Os [75], g-C3N4/TaON [76], g-CsN4/ZnO [42], g-C3N4/BiPOs [77],
Ag/AgsP04/g-C3N4[78], g-C3N4/Bi2WOe [41] and BiOCI- g-C3Na4 [40]. The present investigation
deals with a facile preparation of a series of novel WO3/g-C3N4 composite photocatalysts and their
enhanced photoactivity driven by visible light. WOz has a narrow band gap (2.7-2.8 eV) and has
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been applied for photocatalysts due to its outstanding properties. It was found clearly that the
photoactivity of WO3 could be enhanced apparently through combining with g-CsN4 with lower
photodegradation performance for methylene blue, acetaldehyde gas degradation, and O>
evolution. [45, 49, 79]. This investigation provides the photocatalytic enhancement for RhB and
methyl tert butyl ether (MTBE) degradation. The synergetic effect of the composite could be

attributed to the heterojunction-like structure generated at the interface between g-CsN4 and WOs.

Experimental

4.1.2 Chemicals and reagents

All chemicals used in this study were of reagent grade and applied without further purification.
Deionized water was used in the present work. Melamine (C3HgNs, CP) and tungstic acid (H2WOa,
AR) was purchased from Tianjin China Chemical Reagent Ltd and Sigma-Aldrich, respectively.
Typical contaminants of Rhodamine B and MTBE were purchased from LAMBDA PKYSIK and
Fluka. Photocatalysts of TiO2 (product name P25) was commercially supported by Degussa Corp,
and FeOz3 was prepared by the pyrolysis of Fe(NO3)s (Sinopharm) at 500°C for 2 h. Nitrogen
doped TiO2 nanoparticles was prepared through mixture with of TiO2 powders with aqueous

solution of organic nitrogen and stirred at room temperature [80].

4.1.3 Material preparation

The pure g-C3N4 was prepared by directly pyrolysis of melamine at 500°C for 2 h, and further

deamination treatment was carried out at 550°C for 2 h [81, 82].
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The composites, WO3/g-C3Na, were prepared by a simple method by mixing of series of HoWO4
and g-CsNs4 in a composite photocatalysts (‘‘x’’ denotes the mass ratio of WO3 in the
corresponding composite) by grinding certain amounts (depending on "X” value) for 5 min in a
mortar. The homogenously mixed precursors was then subjected to direct heating at 300°C for 2

hours.

4.1.4 Characterization and optical property

The crystal structure of the samples was investigated by X-ray diffraction analysis (XRD, Bruker
Advance D8) with Cu Ka radiation. The UV-Vis diffused reflectance spectra (DRS) were
measured on JASCO V-670 UV-Vis-NIR spectrophotometer and pure BaSO4 pellet was employed
as a reference. The photoluminescence emission spectra were measured on a spectroflourometer
(Horiba Jobin—Yvon) using the Xenon lamp as a source of excitation. All the samples were excited

at 380 nm and the emission spectrum recorded in the range of 400—700 nm.

4.1.5 Photocatalytic experiments

The photodegradation performance of different model compounds onto assynthesized WOs/g-
C3N4 composite photocatalysts was conducted under a 500W Xenon lamp (Oriel, USA) equipped
with visible light filter. In a typical photodegradation experiment, 50mg of photocatalyst was
mixed with a contaminant solution with known initial concentration and volume. Under visible

light exposure, the suspensions were collected and centrifuged (4,000 rpm, 2 min) to remove the
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photocatalyst particles at regular time intervals. The concentration of RhB and MTBE was detected

by means of UV—-Vis spectroscopy (JASCO V-670) and GC-FID analysis [83, 84].

4.1.6 Results and discussion

Fig 4.1 depicts the XRD patterns of the synthesized WO3/g-C3N4 composite photocatalysts with
different mass ratios of WO3 to g-C3Na. All the apparent diffraction peaks can be indexed as cubic
phase of WOz and the diffraction data are in good agreement with JCPDS files #41-0905.
Moreover, the second minor phase in the XRD patterns, a diffraction peak with low intensity at
around 27.4° in the XRD patterns, can be attributed to the 002 plane in g-C3N4. When the
combination ratio of WO3 to g-C3N4 is more than 0.5, it was observed that the (002) diffraction
peaks of g-C3Ng particles were masked in the patterns of WOs/g-C3N4 due to its strong interference

with the WOs3 diffraction signals.
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Figure 4.1 XRD patterns of the as-prepared WO3(x)/g-CaN4(1-x) (x=0-1) samples

Diffuse reflection spectroscopy was employed to investigate the optical absorption of the
synthesized WOz3/g-C3Ns composite photocatalysts (as depicted in Fig.4.2a). The optical
absorption near the band edge for a crystalline semiconductor can be described by the following
equation,

ahv = K (hv - Eg)"

where a, h, v, K and Eg are absorption coefficient, Plank constant, light frequency, proportionality
constant, and band gap, respectively. The exponent n depends on the nature of transition: n = 0.5,
for allowed direct transitions (k = 0); n = 1.5, for forbidden direct transitions (k = 0); n = 2, for
allowed indirect transitions; and n = 3, for forbidden indirect transitions. The values of n was
determined by plotting log(ahv) versus log(hv - Eg), and then using the approximate Eg values of

2.6 eV(WO3) and 2.7 eV(g-C3Na4), followed by determining the slope of the straightest line near
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the band edge. As depicted in Fig.4.2b, the values of n for WO3 and g-CsNg are found at 0.5 and
2, and these indicate the allowed direct transition and allowed indirect transition in WOz and g-
CsNa, respectively. A classical Tauc’s approach is employed to evaluate the band gap values of
synthesized WOz and g-C3aNg4, as given in Fig. 4.2c and Fig. 4.2d respectively. The extrapolated
absorption edge energies values were at 2.5 and 2.8 eV corresponding to WOz and g-CsNa,

respectively [49, 79].
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Figure 4.2 (a) UV-Vis absorption spectra of WO3, g-C3N4 and WO3/g-C3Ns-0.1
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Figure 4.2 (d) band gap determination of §-C3Ns by Tauc’s approach

No apparent visible light absorption improvement was observed in WQOs3/g-C3sN4 composite
because of almost similar band gap values of both components. However, it was found that such
coupling could remarkably affect the transfer and lifetime of the photogenerated charge carriers in
g-C3Na. As depicted in Fig.4.3, a strong emission band centered at 450 nm in g-CsN4 can be
assigned to the band—band emission of g-C3Na as the energy of the emitted light is identical to its
band gap energy. However, the PL emission intensity decreases by *30 % as compared with the
pure g-CsNg4 after coupling with 10 % of WOs, which is attributed to the transfer of the

photogenerated carriers at the interface between WO3 and g-CzNa.
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Figure 4.3 PL emission spectra of WO3, g-C3N4 and WO3/g-C3N4-0.1

The photodegradation improvement onto WO3/g-C3N4 composites was evaluated under visible
light exposure, using RhB as the model contaminant. Fig.4.4 shows the changes in RhB
concentration onto g-C3sNs, WOs3 and their composites with different mass ratios as a function of
irradiation time. Photodegradation results showed fast degradation rate in the first 20 min and later
it slowed down with a further increase in the irradiation time, which is typical reaction kinetics for
photocatalytic process [85]. Almost all WOz/g-C3N4 composite compositions exhibited higher
photocatalytic activity than either pure WO3 or g-C3Na. When the mass amount of WO3 was 0.1g
in the composite, the synthesized photocatalyst exhibited the highest photocatalytic activity and
62 % degradation of RhB was achieved in 90 min under visible light irradiation, while pristine
WOs3 and g-CsNa4 only showed 42 and 27 % degradations under the same conditions, respectively.

The photocatalytic activity gradually reduced with the further increase in combination ratio of
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WO3 from 0.1 to 0.9. This could be due to the agglomeration of WO3 particles on the pure g-C3sNa.
The agglomeration of WO3 particles on the surface of the semiconductors could decrease the
separation efficiency of photo-induced electron—hole pairs and thus affect the catalytic activity

[86, 87].
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Figure 4.4 Changes of RhB concentration onto WO3/g-C3Nas-x (x = 0-1) composite
photocatalysts under visible light irradiation as a function of irradiation time. Experimental
conditions: catalyst dosage = 50 mg, volume of solution = 100 mL, initial concentration =7

mg L1
Fig 4.5 shows the linear relationship between Ln(C/CO) and irradiation time during the
photocatalytic reaction. The degradation of RhB over g-CsN4, WOs and WO3/g-C3N4 composite
showed apparent first order kinetics of the Langmuir Hinshelwood model [85]. The highest

reaction rate constant (k) was found at 0.0108 min™ for WOs/g-C3sNs-0.1, however, the k values

for pure phase of g-C3sN4 and WO3 were only around 0.0032 and 0.0049 min™!, respectively.
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Figure 4.5. First-order plots for the photocatalytic degradation over W03/g-C3N4-x (x=0~1).
Experimental conditions: catalyst dosage= 50 mg, volume of solution = 100 mL, initial
concentration of RhB = 8.5 mg L'

The time-dependent UV—Vis spectral changes of RhB solution in the presence of WOs3, g-C3N4
and WO3/g-C3N4-0.1 composite photocatalyst are depicted in Fig 4.6 (a-c). For all the composites,
the absorbance of the characteristic peak decreased with time, and the wavelength of maximum
absorption peak slightly blue shifted, which indicates the N deethylation (removal of nitrogen ethyl
arm of RhB structure) mechanism in photochemical reaction[33, 88]. While no such blue shift was
observed in maximum absorption peak of RhB when treated with either pristine g-C3N4 or WOs.
The possible mechanism in this case could be cleavage of the whole conjugated chromophore
structure in RhB instead of N-deethylation mechanism. The maximum absorption peak of RhB

solution was blue shifted from 554 to 548 nm after 90 min irradiation in the presence of WO3/g-
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C3N3-0.1 composite. However, with further increase in the WO3 mass amount was not found to be

beneficial for N-deethylation process [89].
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Figure 4.6. (a) Temporal UV-Vis absorption spectral changes of RhB during the
photodegradation process by g-C3Ny

39



2.0
b
0 min ( )
1.5-
5
£ 54 min
L2 1.0- 90 min
o
)]
L0
<
0.5-
0.0 —_ ———
400 450 500 550 600 650

Wavelength (nm)

Figure 4.6.(b) Temporal UV-Vis absorption spectral changes of RhB during the
Pphotodegradation process by WO3

20 A=554
0 min——, nm (c)
1.54
9 18 min
g 36 min
2 1.0 54 min
3 72 min
2 90 min
0.5
0.0

400 450 500 550 600 650
Wavelength (nm)

Figure 4.6. (¢). Temporal UV-Vis absorption spectral changes of RhB during the
photodegradation process by W03/g-C3N4-0.1
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The changes in constant k and shifts in absorption peak of RhB as a function of mass combination
of ““x”” in WO3x/g-C3Na(1-X) composites are shown in Fig.4.7. The highest reaction rate constant
(k =0.0108 min-1) and the maximum blue shift in absorption peak of RhB solution (from 554nm
to 548 nm) were achieved over WO3x)/g-C3Na(1-X) (x=0.1). This suggests the optimal combination

ratio of WOs3 to g-CsNa is 0.1 (10 %) for maximum photocatalytic activity.
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Figure 4.7 Effects of x value in WO3/g-C3sNs-x composites on the first-order kinetics constants
and adsorption peak of RhB solution

The photoactivity and photostability of synthesized WOz/g-C3Ns-0.1 composite after long-term

use were also evaluated. As depicted in Fig.4.8, the average reaction rate (ARR) in the first run

was 0.21 mg mint g%, while after the fifth cycle; it was 0.131 mg min™ g. Around 37.6 % decline

in ARR was found after five runs, possibly due to the effect of catalyst fouling. However, XRD
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results showed that the crystal phase of the composite photocatalyst was well retained even after

5 runs, as shown in the inset of Fig 4.8. This retainability in crystal structure demonstrates the

stability of the catalyst for photodegradation process.
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Figure 4.8 Changes of ARRs of RhB decomposition on WO3/g-C3N4-0.1 over five successive
photodegradation cycles. Inset figure shows the XRD patterns of WO3/g-C3sN4-0.1 before and
after the 3rd and 5th cycling photocatalytic experiments. Experimental conditions: catalyst
dosage = 50 mg, volume of solution = 100 mL, initial concentration of RhB =8.5mg L-1,
reaction time for each cycling = 20 min

Compared to various popular photocatalysis systems, the synthesized WO3x)/g-CaNa(1-x) (x=0.1)
composite photocatalyst exhibits superior performance. A comparison in average reaction rates
(ARRs) of synthesized on WOz3x)/g-C3sNa(1-X) (x=0.1) and various popular photocatalytic systems

is shown in Fig 4.9 (a). WO3/g-C3N4-0.1 showed maximum ARR of 0.44 mg mint g within 54
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min, while the observed ARR values for P25 (standard titanium oxide), Fe2O3, g-C3N4, TION and
WO3 were around 0.04, 0.04, 0.13, 0.15 and 0.34 mg mint g. The visible light induced
photodegradation of RhB on TiO. (or P25) with wide band gap could be attributed to the
photosensitization process [78, 90]. Furthermore, the much higher density of synthesized hybrid
photocatalyst makes it more convenient to separate from aqueous phase for further regeneration
and reuse, compared with the commercialized photocatalyst of P25. The photodegradation of
various dyes on WO3/g-C3Ns-0.1 was also investigated under visible light irradiations, and the
results are shown in Fig.4.9 (b). It was noticed that all the Rhodamine dyes were decomposed to
different extent, and higher photodegradation performance was observed with anionic dye

(Methylene blue) on the synthesized WO3x/g-CaNa(1-x) (x=0.1) composite.
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Figure 4.9(a) Comparison of photodegradation of RhB onto various photocatalysts.
Experimental conditions: catalyst dosage = 50 mg, volume of solution = 100 mL, initial
concentration of dye of 8.5 mg L in a and 0.02 mmol L in b, reaction time of 54 min in a
and 20 mininb
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Figure 4.9(b) photodegradation of various dye contaminants over WO3/g-C3N4-0.1 composite
photocatalyst. Experimental conditions: catalyst dosage = 50 mg, volume of solution = 100
mL, initial concentration of dye of 8.5 mg L in a and 0.02 mmol L in b, reaction time of 54
min inaand 20 minin b
In order to further demonstrate the enhanced photoactivity onto WO3/g-C3Na composites, colorless
MTBE solution which cannot be excited by visible or even UV light was adopted as a model
compound. Fig 4.10 depicts the effect of x value in WO3/g-C3sNs-x composites on the
photodegradation efficiency of MTBE. The highest degradation efficiency can be obtained at 96.7

% for WO3/g-C3Ns-0.2. However, under identical operation conditions, only 65.9 and 45.3 % of

degradation efficiency can be achieved on pure phase of WOz and g-CzNa, respectively.
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Figure 4.10 Effect of “x” value in WO3/g-C3N4-x composites on the photodegradation efficiency
of MTBE (initial concentration of MTBE = 60 mg L-1, volume = 100 mL, dosage = 0.1 g)

The photoactivity improvement can only be explained by the formation of a unique heterojunction-
like interfacial structure between g-CsN4 and WOz semiconductors (as illustrated in Fig 4.11).
Under visible light exposure, both g-C3N4 and WO3 can be excited because the band gaps of both
lies within visible region. It is reported that the conduction band edges of g-CsN4 and WOs are at
around -1.1 and 0.5 eV (vs. NHE) [49, 79], respectively. Thus photo-excited electrons from the
conduction band (CB) of g-C3Na would inject into CB of WO3 due to the favoring over potential

between the CB edges of g-C3N4 and WOs3 as portrayed in Fig 4.11.
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Figure 4.11 Possible mechanism of photoactivity enhancement onto WO3/g-C3N4 composite
photocatalyst by improved separation of carriers

On the contrary, the photogenerated holes move from the valance band (VB) of WO3 towards the
VB of g-C3N4 because of the more positive VB edge of WO3 (3.0 eV, vs. NHE) than that of g-
C3N4 (1.7 eV, vs. NHE). The redistribution of electrons on one side of the junction (WOs3) and
holes on the opposite side (g-C3Na4) greatly reduces the electron—hole recombination, which
promote the photocatalytic reactions to decompose RhB. As a result, the activity of WO3/ g-C3N4

composites was much higher than that of WO3 and the pure g-CsN4. Thus, the enhanced
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photocatalytic activity was mainly related to the heterojunction structure and the synergetic effect

at the interface between g-CsN4 and WOs.

4.1.7 Conclusions

In a nutshell, the presented work deals with the enhanced photodegradation over photostable
WOs/g-C3N4 composite. As expected, the synthesized hybrid photocatalyst has exhibited an
improved photodegradation performance because of synergetic effect, where the photo excited
electrons from g-CsNg are efficiently separated, and are injected to the CB of WO3. The highest
photoactivity has been achieved for the optimum amount of WO3 (10 %) combined with g-C3aNa.
The hybrid catalyst has also shown excellent stability and efficiency even after 5 runs of

photodegradation process.

47



4.2  Synthesis, characterization and surface plasmon resonance (SPR) enhanced

photocatalytic activity of Au-Ag alloy nanoparticles dispersed on g-CsNa

4.2.1 Introduction

Development of sustainable and renewable technologies has been strongly driven by depleting
fossil fuel sources, energy growth demand, as well as concern over climate change. Several
ground-breaking methodologies have been developed for conversion of solar energy into electrical
and chemical energies. In 1972 [11], Fujishima and group applied titanium oxide for hydrogen
production from water splitting under light irradiations, and since then photo-catalysis has become
likely approach for addressing energy and environmental issues. It is an environmentally friendly
technique of reducing organic pollution and subsequently rejuvenating our living environment in
a sustainable manner. Semiconductor based photocatalysts have received great attention because
of high oxidative and reductive power of generated carriers that catalyze the different reactions.
TiO2 is a popular semiconductor photocatalyst due to its distinctive electronic and optical features,
lower cost, chemical stability and non-toxicity. However, its large band gap (3.2 eV) restricts
effective absorption of visible light, which is around 42 % of the total light spectrum of the solar

radiations [91-94].

In early 2009, g-CsN4 was first reported as a metal free visible-light driven organic photocatalyst
by Wang et-al., and it was applied for water splitting under visible light exposure with
triethanolamine as a sacrificial electron donor[74]. Subsequently, in order to overcome the inherent
constrains of g-CsN4 -such as the high recombination rate of the photogenerated charge carriers-

numerous g-CsN4 based composites have been reported [95-103]. To enhance the activity by
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surpassing the limitation associated with g-CsN4, some other modifications such as adjusting

textural porosity [104] and doping with other materials have been stretched out [105].

Nanoparticles (NPs) of noble metals can efficiently absorb visible light because of their surface
plasmon resonance (SPR), which can be tailored by their size, environment and shape. Recently,
to activate g-C3Ns in broader visible light spectrum and to reduce the recombination of
photogenerated carriers, noble metals loaded g-CsN4 catalysts have been reported such as gold
nanoparticles supported on carbon nitride [18], Au/g-CsN4 nanocomposite [19], Ag-modified

mesoporous g-C3N4[106], hetrostructured g-CsN4/Ag/TiO2[107], Ag@CsN4 core-shell plasmonic

composite [108] and g-C3N4/Ag20 [109].

The current study is a step forward in extending the spectral response to broader visible light
spectrum and enhancing the photocatalytic activity of g-CsNas in the visible region where we
deposited well-dispersed Au-Ag alloy nanoparticles with a user friendly technique. Moreover,
after characterizing the synthesized materials, we investigated the photocatalytic performance of
synthesized catalysts under sunlight illumination, and under pure visible light (400-800nm)
irradiations provided by lamp for the degradation of Rhodamine B (RhB) as model substrate. Being
prone to SPR assisted charge generation and transfer process, the performance of the synthesized
catalysts was evaluated in the exposure of low energy monochromatic light (532 nm, green)
generated by the laser. The mineralization efficiency of the catalysts was monitored by Total
organic carbon (TOC) removal measurements. Langmuir-Hinshelwood kinetic model was used to

evaluate the kinetics of the degradation as well as mineralization data.
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4.2.2 Experimental Details

All reagents and chemicals used in the current study were of reagent grade and applied without
further purification. Melamine (CsHeNe, CP) was purchased from Tianjin China Chemical
Reagents Ltd. AgNO3 (99%), HAuUCI4.3H20 (99.9%), Sodium citrate (dehydrated, 99%) were

procured from Sigma-Aldrich, whereas Rhodamine B was purchased from LAMBDA PKYSIK.

Pure g-C3N4 was prepared by direct pyrolysis of melamine at 500°C for 4 h at the heating rate of
10°C/min, whereas the de-amination treatment was performed at 550" C for 2 h as per procedure

detailed in the literature [110]. As detailed below, the modified Turkevich method was adopted for
depositing different compositions of Au-Ag alloy NPs at the surface of g-C3Na4 [28, 111]. In Au-
Ag alloy loaded g-CsNa4 photocatalysts, the proportion of Ag was fixed at 1%, whereas the amount
of Au was varied as 0.5%, 1% and 3% with respect to the weight of g-C3Na. The required amounts
of 0.01M HAuCI4.3H20 and 0.01M AgNOs precursor solutions were mixed and boiled under
vigorous stirring (400-600 rmp). 1 ml of freshly prepared sodium citrate was added and re-boiled
for 30 min which resulted in Au-Ag colloidal NPs solution. The appropriate amount of g-CsN4
was dispersed in colloidal Au-Ag NPs solution ultrasonically. The dispersion of Au-Ag NPs and
g-CsNaswas subjected to UV light exposure for photo-impregnation process under vigorous stirring
for 30 min. A 450 W Xenon arc lamp equipped with UV band pass filter, Oriel, USA was used as
the UV source. The slurry was filtered, washed and dried overnight at 110°C under vacuum. The

same protocol was adopted for the synthesis of 1% Ag and 1% Au loaded g-C3Na.

The crystal structure of synthesized catalysts was analyzed with wide angle X-ray diffractometer
(Philips X’ Pert PRO 3040/60) equipped with Cu-K « radiation source with range 2 06 = 10°to 2
6 = 90° The microstructure and morphology of prepared samples were examined with Field
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emission scanning electron microscopy (FESEM, Tescan Lyra-3). The fine structure analysis of
synthesized powders was carried out by transmission electron microscopy (TEM), JEM2100F,
JEOL at 200KV. A JASCO, V-670, UV-vis-NIR spectrophotometer was used for recording the
solid-state absorption and diffused reflectance spectra (DRS) of the synthesized catalysts using
BaSOq pellet as a reference. The photoluminescence emission spectra were acquired by spectro-
flourometer (Horiba Jobin Yvon), using the Xenon lamp as excitation source. All the samples were
excited at 365 nm, and the emission spectra were recorded in 400 to 700 nm range. The XPS profile
of 3% Au-Ag/g-CsN4 sample was acquired by a wide survey scan using X-ray Photoelectron
Spectrometer (PHI 5000 Versa Probe Il, ULVAC-PHI Inc.). The binding energy was varied
between 0 eV to 1100 eV. The oxidation states of the metallic components were evaluated by
comparing the obtained binding energy values with that of standard values. Gaussian model was
applied for curve fitting and the identification of the number and precise binding energy of each

state.

The photocatalytic performance of the synthesized catalysts (g-CaNas, Ag/g-C3N4, Au/g-C3N4 and
(0.5%, 1%, 3%) Au-Ag/g-CsN4) was evaluated for the degradation (decolorization/mineralization)
of Rhodamine B (10 ppm) in 200ml cylindrical glass reactor made up of Pyrex® glass. A 450-W
Xe arc lamp (Oriel, USA) equipped with UV cut off filter was used as excitation source. The
experiments were performed in batches. Prior to photocatalytic studies, the dark experiments were
performed to establish the adsorption-desorption equilibrium between the dye and the catalysts. In
a typical photocatalytic experiment, with visible light source, 100 ml of dye/catalyst suspension
containing, 100 mg of the respective catalyst, was exposed to visible light (420-800nm) for 240
min under stirring. The samples (5 ml each) were drawn from the reactor after every 15 min in the

initial 60 min, after every 30 min in the next hour and after 60 min in the final 120 min. After
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centrifugation at 4000 rpm for the removal of catalyst, the progress of the decolorization process
was monitored by UV visible spectroscopy. A JASCO 570 UV-Vis spectrophotometer was
employed to record the absorption spectra of the exposed samples. The mineralization progress
was monitored by measuring the total organic carbon (TOC) of the samples by using TOC-VCPH
total carbon analyzer supplied by Shimadzu Corporation, Japan. The experiments were performed
at 25 £1°C. The performance of the synthesized catalysts in a complete spectrum of 450 W medium
pressure mercury lamp was also evaluated. The experimental conditions, collection and analysis
of the samples were similar to that of the experiments in the visible light exposure. The role of
SPR in the photocatalytic process was evaluated by exposing the 100 ml of the catalyst/dye
suspension of the same composition, as used for visible or sunlight experiments, to low energy (30
mJ) 532 nm laser light in a Pyrex® glass reactor fitted with quartz window under stirring. The
3%Au-Ag/g-CsN4 catalyst with the maximum intensity SPR band, evaluated by solid state
absorption spectra, was used for the study. The details of the reactor used are mentioned elsewhere
[112-115]. For better exposure the beam diameter was expanded to 5 mm. The blank experiment,
i.e. without catalyst, was performed to evaluate the possible role of direct photolysis in the

degradation experiments.

4.2.3 Results and Discussion

The comparison of the solid-state absorption spectra of pure, Ag, Au and Au-Ag alloy (0.5% Au,
1% Au, 3% Au) loaded g-CsNg is presented Fig 4.12. A broad absorption band in 500-600 nm
range was observable for the samples loaded either with pure Au or Au-Ag alloy nanoparticles
whereas no distinct absorption band was observed for pure or Ag loaded g-C3sN4 rather an enhanced

absorption of Ag/g-CsN4 was noticed in 400-500 nm range. Although silver (Ag) nanoparticles
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exhibit strong SPR in the visible region, however, owing to the sensitivity to oxidation under mild
conditions the surface of Ag NPs is converted to Ag20 that results in the suppression of distinct
SPR band rather enhanced absorption were witnessed. Au NPs are inert in nature; therefore, exhibit
a strong SPR band in the visible region even in the oxidizing environment. The exploded view of
the absorption spectra in 450-650 nm rage is presented in the inset of Fig 4.12 where the SPR band
for 3% Au-Ag/g-CsN4 appeared at ~536 nm. The mild shifting in the position of the SPR towards
longer wavelengths with the decreasing Au concentration depicted that the SPR band tuning can
be accomplished by controlling the Au loading [116]. The mild variation in the observed value
compared to the literature value of ~525 nm for the free Au nanoparticles in solution [117] was
probably due the immobilization of NPs at the surface of g-C3aN4, matrix effect, Au-Ag alloy
formation and the measurements in the solid-state. The graphical evaluation of the bandgaps,
obtained by plotting (F(R) x h v )1/2 versus the photon energy (h v ), of g-C3N4, Ag/g-C3sN4, Au/g-
CsN4, 0.5% Au-Ag/g-CsN4, 1% Au-Ag/g-CsNsand 3% Au-Ag/g-CsNais presented in the Fig 4.13-

4.18.

The bandgaps of all the catalysts appeared in 2.7-2.8 nm range. The bandgap value of ~2.75 eV

for g-C3Nswas in accordance with the literature [118-120].
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Figure 4.12 Comparison of the absorption spectra of g-C3aN4, Ag/g-CaNas, Au/g-C3N4, 0.5%Au-
Ag/g-CsNa, 1%Au-Ag/g-C3N4 and 3%Au-Ag/ g-CsNa. The inset shows the exploded view of the
absorption spectra to elucidate the SPR resonance band
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Figure 4.13 The graphical evaluation of the bandgaps obtained by plotting (F(R) x hv)'?
versus the photon energy (hv) of g-C3N4
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Figure 4.14 The graphical evaluation of the bandgaps obtained by plotting (F(R) x hv)'?
versus the photon energy (hv) of Ag/g-C3N4

a6

llu;ﬁgdcarﬂ4

ol 4

(FIRIxhvi¥

'-lli L

dl -

E L] L] L] L L] L] L] L] L]
1.5 165 14 13% 21 ZI% 14 255 27 L&l 3
hw eV )

55



Figure 4.15 The graphical evaluation of the bandgaps obtained by plotting (F(R) x hv)'?
versus the photon energy (hv) of Au/g-C3Ny
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Figure 4.16 The graphical evaluation of the bandgaps obtained by plotting (F(R) x hv)'?
versus the photon energy (hv) of 0.5%Au-Ag/g-CsNs
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Figure 4.17 The graphical evaluation of the bandgaps obtained by plotting (F(R) x hv)?
versus the photon energy (hv) of 1%Au-Ag/g-CsNs
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Figure 4.18 The graphical evaluation of the bandgaps obtained by plotting (F(R) x hv)?
versus the photon energy (hv) of 3%Au-Ag/ g-C3Ns

The PL spectra of g-C3N4, Ag/g-C3Na, Au/ g-C3N4, 0.5% Au-Ag/g-CaN4, 1% Au-Ag/g-CsN4 and
3% Au-Ag/g-CsN4 are compared in the Fig 4.19 Pure g-CsNa is a luminescent material and the
observed strong emission band centered at 460 nm, attributed to bandgap de-excitation, was in
accordance with the literature [121]. A significant decrease in the intensity of the principal band
(460 nm), to a varying extent, was ascribed to the excited electrons trapping ability of Ag, Au and
Au-Ag alloy nanoparticles deposited at the surface of g-CsNa4. The decreased intensity of the PL
bands with the dispersed Ag, Au and Au-Ag alloy NPs indicated the decreased recombination
extent of charge carriers. For Au-Ag alloy deposition the quenching of the deexcitation process

was enhanced with the increasing Au contents. The comparison of PL spectra of Ag g-CsN4 and
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Au/ g-C3Ng4 revealed better quenching ability of Au compared to Ag, whereas the performance of

Au-Ag alloy was even better than Au/g-C3Na.

350

— B-CsN,

= 300 - 460 nm — Ag/g-CN,
o ' e AU/g-C5N,
> 250 -+ — 0.5%Au-Ag/g-C;N,
g — 1%Au-Ag/g-C;N,
g 200 1 3%Au-Ag/g-C;N,
=
= 150 -
A=,
v
2 100 +
=
L

50 -

D | | | | . L] | |

400 450 500 550 600 650 700
Emission wavelength (nm)

Figure 4.19 Comparison of the PL spectra of g-C3N4, Ag/g-C3N4, Au/g-C3sNa, 0.5%Au-Ag/g-
CaN4, 1%Au-Ag/g-CsN4 and 3%Au-Ag/ g-CsN4 photocatalysts excited at 350 nm

The XRD patterns for g-CsN4, Ag/g-C3Nas, Au/g-C3Na, and the series of Au-Ag alloys deposited
on g-C3Ngsare compared in Fig 4.20. The reflectionat2 6 =13.3°and 2 6 = 27.5° were attributed
to (100) and (002) crystal planes of tris-s-triazine units and interlayer stacking of aromatic
segments of g-CsNas, respectively [122]. For Ag and Au nanoparticles dispersed g-CsNa
photocatalysts, the diffraction peaks at 38.3°, 44.5° and 64.6° were attributed to (111), (200) and
(220) planes of Ag and Au, respectively. Interestingly, the XRD reflections due to Ag and Au
appear almost at the same position, therefore, it was difficult to differentiate between the reflection
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of Au and Ag in the XRD patterns of Ag-Au alloy NPs deposited g-CsNas. The exploded view of
the XRD pattern in the 2 0 range of 35° to 50° is presented in the inset of Fig 4.20 where the
growth of diffraction peaks at 38.3° (111) and 44.5° (200) with the increasing Au contents can be
witnessed. The reflections of Au in the XRD patterns of Au/g-C3N4and Au-Ag alloy deposited g-

CsNga were matched with JCPDS # 04-0784.
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Figure 4.20 The comparison of the XRD patterns of g-CsN4, Ag/g-C3Nas, Au/g-C3Na, 0.5%Au-
Ag/g-CaNs, 1%AuU-Ag/g-C3Ns and 3%AuU-Ag/ g-CaNa in the range 20 = 10°to 20 = 80°. The inset
shows the growth of Au (200) reflections with increasing Au contents in 35-50° range

The microstructure and morphology of the synthesized samples were examined by FESEM
imaging. The same resolution (100kx) FESEM images of g-C3Nas, Ag/g-C3Nas, Au/g-C3Ns, and 1%
Au-Ag and 3% Au-Ag alloy deposited on g-C3Ng are presented in Fig 4.21. The 100 and 200kx

images of pure g-C3Ns4 ((Fig 4.21 (a & b)) revealed the sheet-like composite structure composed
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of irregular crystals. In the backscattered micrograph (Figure 4.21(c)) of Ag/g-CsNa, the adhered
spots of Ag NPs are prominent at the surface of g-CsNa. The interaction of the electron beam with
the electron excessive Au, resulted in the brightening of the NPs in Au and Au-Ag deposited g-
C3N4 samples, however, the homogeneously distributed Au and Au-Ag alloy particles are
evidently observable on the surface of g-CsN4. The estimated particle size of Ag NPs ranged
between 30 to 50 nm in Ag/g-CaN4, whereas the NPs in Au/g-CsN4 and Au-Ag alloy samples
ranged between 10 and 30 nm. The results regarding the particle size measurements were
consistent with the earlier observations [123], as the growth of Ag-Au alloy is initiated with
formation of smaller gold NPs as nucleation centers, followed by the simultaneous deposition of
both Ag and Au atoms. Therefore, higher concentration of Au in alloy results in more gold nuclei

and reduces size of alloy particles, whereas the higher Ag concentration leads to larger alloy NPs.

Figure 4.21(a) FESEM image of g-C3N4 at 100kx
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Figure 4.21(b) FESEM image of g-C3N4 at 200kx

Figure 4.21(c) FESEM image of Ag/g-C3Na4 at 100kx
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Figure 4.21(e) FESEM image of 1%Au-Ag/g-C3N4 at 100kx
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Figure 4.21(f) FESEM image of 3%Au-Ag/ g-CsN4 at 100kx

The fine morphology and even distribution of Au and Ag in Au-Ag alloy dispersed on g-C3N4was
further investigated by TEM analysis and the respective images of 1% and 3% Au-Ag/g-CsNg, as
presented in Fig 4.22 (a-d). For 1% Au-Ag dispersed samples having 1:1 proportion of the Au and
Ag, the regular shaped spherical particles with an average size of ~25 nm of Au-Ag alloy particles
were observed (Fig 4.22 (a)). Additionally, a uniform distribution of Au and Ag entities was
witnessed in the alloy formation (Fig 4.22 (b)). The appearance of the particles revealed
homogenous composition rather than individual Au/Ag particles or clusters. The increased Au
contents, i.e. 3:1 (Au:Ag) resulted in the deformation of the shapes of the particle (Fig 4.22 (c)).
Additionally, a relatively wider particle size distribution was noticed; however, the comparison of
the fringes revealed that the homogeneity was independent of the particle size distribution of 10-
30 nm range (Fig 4.22 (d)). The individual lattice planes are distinctly visible in this image. This

investigation also confirmed the absence of lattice mismatch with the formation of alloy solid
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solution. The same was expected as Au and Ag have very close lattice constants of 0.408nm and

0.409 nm, respectively [124].

Figure 4.22 (a-d). The comparison of HRTEM images of 1% Au-Ag/g-CsNa (a, b) and 3%Au-
Ag/ g-C3N4 (c,d).

As presented in Fig 4.23, the estimation of the variations in the oxidation states of the metallic
constituents involved i.e. Au and Ag, during the synthetic process were estimated by the XPS
survey scan of 1% Au-Ag/g-CsN4 recorded in the binding energy range of 0 eV to 1100 eV. All
the expected components, i.e. C, N, O, Ag and Au were observed in the survey scan. The intensities

of the corresponding peaks were in accordance with the composition of each component. The
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precise peak maxima’ s were identified by applying the Gaussian model for curve fitting on the

individual and splitted peaks.
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Figure 4.23 The XPS survey scan of 1%Au-Ag/g-CzNa.

The fitted peaks for the individual elements are presented in Fig 4.24. The evaluated binding
energy value of 530.45 eV for Oxygen 1s shown in (Fig 4.24(a)) was in accordance with the
literature [125]. The peaks at 283.2 eV and 286.4 eV were identified in the deconvolated Carbon
1s spectrum (Fig 4.24(b)) and were assigned to sp? hybridized carbon in C-C and NC=N bonds in
the nitrogen containing aromatic rings respectively. As shown in Fig 4.24(c), the intense peak in
N1s spectrum centered at 297.1 eV was assigned to sp? hybridized nitrogen of CN-C bond in

triazine ring. Due to the dispersion of Au-Ag alloy at the surface of g-CsNa, the observed binding
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energy values of C1s and N1s were slightly lower than those mentioned in the literature for pure
g-C3N4 [126]. The well-resolved spin-orbit splitted doublet of the Au 4f core (Fig 4.24(d)) levels
corresponding to the Au4f7/2 and Au4f5/2 states, were observed at 83.1 eV and 86.9 eV
respectively, confirmed the existence of Au in zero oxidation state. The minor deviation from the
standard values and the asymmetry in the peak shapes was due to the alloy formation with Ag. The
spectra of the splitted Ag 3d levels i.e. Ag3d5/2 and Ag3d3/2 are presented in Fig. 4.24(e) and (f)
respectively. Interestingly, similar to that of Au4f splitted spectrum, due to the alloy formation,
both the Ag peaks were asymmetric in shape. The separate deconvolution of the peaks revealed
that the 3d3/2 peak of Ag at 373.8, whereas Ag3d5/2 was centered at 368.4 eV. The observed
values confirmed the existence of Ag as elemental Ago rather the Ag20 as Ag+ peak in the XPS

analysis appear between 367.3 to 367.8 eV[127].
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Figure 4.24(a) Curve fitted peak in the XPS analysis of 1%Au-Ag/g-C3Na4 for O1s
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Figure 4.24(b) Curve fitted peak in the XPS analysis of 1%Au-Ag/g-CsN4 for C1s
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Figure 4.24(c) Curve fitted peak in the XPS analysis of 1%Au-Ag/g-CsN4 for N1s
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Figure 4.24(d) Curve fitted peak in the XPS analysis of 1%Au-Ag/g-CsN4 for Au5f
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Figure 4.24(e) Curve fitted peak in the XPS analysis of 1%Au-Ag/g-CsN4 for Ag3ds.
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Figure 4.24(f) Curve fitted peak in the XPS analysis of 1%Au-Ag/g-CsN4 for Ag3dss.

4.2.4 Photocatalytic studies

The initiation of the photocatalytic process in the aqueous system is dependent on the energy of
incident photons with the generation of pair of charge carries per adsorbed photon of energy equal
or higher than the bandgap of semiconductor. The productive use of charge carriers is primarily
dependent on their capture by the adsorbed species such as the adsorbed water and oxygen
molecules or the traps placed at the surface of the catalyst before being wasted in nonprolific
radiative processes. The transfer of the charge carriers to adsorbed oxygen/water molecules and
their conversion to reactive radical species generally termed as reactive oxygen species (ROS) is
electrochemically restricted process and requires the minimum potential of the valance and
conduction band edges i.e. +1.23V for H>O oxidation and -0.28V for O> reduction, respectively.
The pH of the system and pHZPC of the semiconductor are the vital parameters that determine the

life expectancy, population and the nature of the reactive species produced in the photocatalytic
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system under illumination. Besides the other short-lived ionic and radical species, in the
photocatalytic processes, the hydroxyl (HO-) and superoxide (O2-°) radicals are recognized as

primary oxidants [128-131]. The formation of these radicals can be elaborated by Equation (1) and

(2) below.

h*+HO0 ——> H*+OH’

O2+ ey > Oz

The comparison of the percentage decolorization of RhB (10 ppm), as measured by the UV-visible
absorption spectroscopy, as a function of the visible light (420-800 nm) exposure time in the
presence of g-CaN4, Ag/g-C3Na, Au/g-C3sNa4, 0.5%, 1% and 3% Au-Ag alloy deposited on g-CzNa
is presented Fig. 4.25. A varying response of different catalysts was noticed, however, the
decolorization of the dye on the Au and Ag loaded g-CzNjs either pure or in the alloy form, was
higher than that of pure g-C3Na. In this context, compared to just ~4% degradation of dye for g-
C3Ngs in the initial 15 min of exposure, ~6%, ~8%, ~16%, ~20% and ~24% of the dye was
decolorized in the same period over Ag/g-CsNa, Au/g-C3N4, and 1% Au-Ag and 3% Au-Ag alloy
deposited on g-CsNg catalysts, respectively. For Au-Ag alloy system, an increasing trend of
decolorization of the dye was noticed with the increasing Au contents, and ~90% of the dye was
decolorized in 240 min of visible light exposure which was significantly higher than ~21% for
bare g-C3sNa. As evaluated by plotting In(Co/C) versus the exposure time, the decolorization of
Rhodamine on all catalysts obeyed the Langmuir-Hinshelwood kinetic model for pseudo first order
reaction with acceptable correlation. The graphical evaluation of the rate constants is presented in
the inset of Fig 4.25. The evaluated rate constants for g-CsN4, Ag/ g-C3N4, Au/ g-C3Na4, 0.5%, 1%

and 3% Au-Ag alloy dispersed on g-C3Ns were 0.0011 min-1, 0.0036 min-1 and 0.0045 min-1,
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0.0062 min-1 and 0.0072 min-1 and 0.0086 min-1 respectively, with the average correlation factor

of ~0.96.
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Figure 4.25 the comparison of the photocatalytic performance of g-CsN4, Ag/g-C3sNa, Au/g-
C3sNs, 0.5%Au-Ag/g-CsN4, 1%Au-Ag/g-CaN4 and 3%Au-Ag/ g-C3N4 for the decolorization of
Rhodamine B (10 ppm) in the visible light exposure. The inset shows the graphical evaluation
of the rate constants.

The higher rate of degradation of dye decolorization in the visible region over Au-Ag alloy loaded
g-CsNsas compared to pure, mono metal NP (Au and Ag) loaded g-CsN4 predicted the supporting
role of Au in enhancing the photocatalytic activity. No degradation of the dye was observable in
the visible light exposure without the catalyst by plain irradiation of the pollutant i.e. direct

photolysis.
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The decolorization of Rhodamine B in the sunlight exposure (complete spectrum) on pure g-C3sNg,

Ag/g-CaNa4, Au/g-C3Na, 0.5%, 1% and 3% Au-Ag alloy loaded g-CzNa is presented in Fig. 4.26.
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Figure 4.26 Comparison of the photocatalytic performance of g-CaNa4, Ag/g-C3Nas, Au/g-CzNa,
0.5%Au-Ag/g-C3Ns, 1%Au-Ag/g-CsNs and 3%Au-Ag/ g-CsNs for the decolorization of
Rhodamine B (10 ppm) in the sunlight exposure. The inset shows the graphical evaluation of
the rate constants

With the involvement of UV radiations of the sunlight, a significantly higher activity, compared
to the visible light exposure, was witnessed. The pure g-C3N4 managed to decolorize ~31% of the
dye in the initial one hour of the sunlight that was significantly higher than that of ~9% in the
visible region in the same span of time. The increased activity of g-C3Na4 in sunlight exposure may
be attributed to the fact that g-CsN4 with a bandgap of 2.79 eV can utilize only a minimal fraction

of available photons when exposed to visible light whereas that fraction is substantially increased
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in the complete spectrum sunlight causing a significant increase in activity. The initially high
activity proposed the facilitating role of dispersed Ag NPs in capturing and disbursing the excited
electrons generated by the g-CsN4 base. Similar behavior was not witnessed for Au/g-CzNa that
predicts the resistance of Au against oxidation process. A consistent activity of Au-Ag loaded g-
C3Ng4 catalysts indicated that the alloy formation protects Ag against oxidation. The Au-Ag alloy
catalysts completely decolorized the dye in 240 min of sunlight exposure. The rates of degradation
of the dye decolorization in sunlight exposure evaluated by plotting In(Co/C) versus sunlight

exposure, as presented in the inset of Fig 4.26, time were significantly higher than that of visible

light.
CATALYSTS VISIBLE LIGHT SUNLIGHT
g-CsNa 0.0011min*t 0.0058min-!
Ag/g-CsN4 0.0036min* 0.0076min-!
Au/g-CsN4 0.0045min? 0.0143min*!
Au(0.5%)/Ag(1%)/g-C3N4 0.0062min? 0.0179min!
Au(1%)/Ag(1%0)/g-C3N4 0.0072min? 0.0215min!
Au(3%)/Ag(1%0)/g-C3N4 0.0086min* 0.0255min!

Table 2 Comparison of reaction rate constants of synthesized catalysts in visible light

compared to sunlight exposure

The rate constants evaluated for g-CaN4, Ag/g-CsNa, Au/g-C3Ns, 0.5%, 1% and 3% Au-Ag alloy
dispersed on g-C3Ns were 0.0058 min-1, 0.0076 min-1 and 0.0143 min-1, 0.0179 min-1, 0.0215
min-1 and 0.0255 min-1 respectively, with the average correlation factor of ~0.98. In the blank
experiments ~11% of the dye was degraded by direct photolysis.

73



The TOC removal (mineralization) of 10ppm of the Rhodamine B over g-C3Na4, Ag/ g-C3Na4, Au/g-
C3Na, 0.5%, 1% and 3% Au-Ag alloy dispersed on g-CsNa in artificial visible and natural sunlight
exposure is presented in the Fig. 4.27(a) and (c), respectively. In the visible light exposure, as
expected due to the bandgap restrictions, the TOC removal for pure g-CsN4 was almost negligible

(£ 5%) in 240 min of exposure, whereas, a significant enhancement in the TOC removal was

noticed for Ag, Au, 0.5%, 1% and 3% Au-Ag alloy dispersed g-C3Ns where a TOC removal of
~27, ~41, ~38, ~47 and ~50% respectively, was witnessed in the same period of exposure. Due to
the availability of sufficient number of photons with the extension of spectral range in the complete
spectrum sunlight exposure the TOC removal efficiency of g-CsN4was improved to ~40% in 240
min of exposure. Except for Ag/ g-CsN4 (~55%), the TOC removal for Au and Au-Ag alloy loaded
g-CsNawas higher than 65%. Interestingly, the performance of the Au- Ag alloy dispersed g-C3Na
was evidently better than Au/g-CsNs where a TOC removal of ~79% was witnessed for 3% Au-
Ag loaded g-C3N4in 240 min of exposure. The evaluation of the kinetics of TOC removal extracted
by plotting In(Co/C) versus the exposure time (visible and sunlight) is presented in Fig 4.27 (b)

and (d).
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Figure 4.27(a) TOC removal over g-C3N4, Ag/g-C3N4, Au/g-C3Na, 0.5%Au-Ag/g-C3sN4, 1%Au-
Ag/g-CsNs and 3%Au-Ag/ g-C3N4 for the mineralization of Rhodamine B (10 ppm) in visible
light (420-800 nm) exposure.
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Figure 4.27(b) TOC removal plot of In(Co/C) versus illumination time over g-CzNas, Ag/g-C3Ns,
Au/g-C3Na, 0.5%Au-Ag/g-C3Na, 1%Au-Ag/g-C3N4 and 3%Au-Ag/ g-C3N4 for the
mineralization of Rhodamine B (10 ppm) in visible light (420-800 nm) exposure.

75



s BCN, » Ag/gCN, » Au/gCN,
" 0.5%Au-AZ/g-C,N, ® 1%Au-Ag/g-CN,
8 1w 3mAuAg/ECN,

C

o L L Ll L L) L L] L

0 30 60 S0 120 150 180 210 240 270
illumination time (min)

Figure 4.27(c) TOC removal over g-C3Ns, Ag/g-CaNas, Au/g-C3Na, 0.5%Au-Ag/g-CaN4, 1%AuU-
Ag/g-CsN4 and 3%Au-Ag/ g-C3N4 for the mineralization of Rhodamine B (10 ppm) in
complete spectrum (including UV portion)
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Figure 4.27(d) TOC removal plot of In(Co/C) versus illumination time over g-CaN4, Ag/g-CsNa,
Au/g-CsNa, 0.5%Au-Ag/g-CsNs, 1%Au-Ag/g-CsNs and 3%Au-Ag/ g-C3N4 for the mineralization
of Rhodamine B (10 ppm) in complete spectrum (including UV portion) exposure.
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Dyes are categorized by the presence of color generating centers (chromophores) and the
stabilizing conjugated system. The interaction of the dyes with the reactive oxygen species in the
photocatalytic system initially results in the decolorization, loss of color centers and conjugation,
and the formation of intermediates. The further interaction of the ROS with the intermediates leads
to the multistep mineralization process [132]. With the ability of absorbing a minimal fraction of
the incident light in the visible region (420-800 nm), the low activity of pure g-C3Ns with the
bandgap of 2.75 eV was expected, however, the significantly high degradation activity of the Ag,
Au and Au-Ag alloy dispersed g-CaNscompared to pure g-C3N4 revealed the prominent role of the
metallic nanoparticles initially in the capture of the photo-excited electrons and finally,

disbursement to the oxygen present in the system for the generation of superoxide radicals (O2-").

The ability of the Ag, Au and Au-Ag alloy NPs for suppressing the recombination process is also
verified by PL analysis (Fig. 4.19). The capture of electrons by the metallic NPs enhance the
lifetime of the photogenerated holes, thus enhancing the yield of ROS other than superoxide
anions. For Ag/g-CsNa, although the activity was higher as compared to pure g-CsN4 both in the
visible light illumination as well as sunlight exposure, however, an initial sharp increase followed
by the decrease in decolorization afterwards depicted the deactivation of the catalyst with time. As
silver (Ag) is prone to oxidation under oxidizing environment, the formation of surface Ag.0 as a
consequence of interaction with superoxide anion radicals and the other reactive oxygen species
(ROS) resulted in the decreased activity. The sustained activity of Au/ g-CsNa under both
conditions of illumination depicted the resistance of Au to the photon induced oxidants. The
enhanced and consistent activity of Au-Ag alloy dispersed g-CsNas revealed the protection of Ag
against oxidation in the blends by the Au contents. It is proposed that in a photocatalytic system

the dyes are degraded either by direct or indirect photocatalysis mechanism [132]. The direct
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mechanism is based on the degradation of the dye by the interaction of the dye with the ROS
generated by the direct absorption of photons by the semiconductor whereas the indirect
mechanism operates by the injection of the energy, absorbed initially by the dye molecules, to the
semiconductor. The indirect mechanism is more prevalent when the absorption maxima of the dye
and the bandgap energy of the photocatalyst are close in energy, therefore, in the current case, the
possibility of dye degradation by indirect mechanism is less likely, however cannot be negated

completely.

In the complete spectrum sunlight exposure, with the upsurge in the fraction of the available
photons to be absorbed, the enhanced activity of the pure as well as Au, Ag and Au-Ag alloy NPs
loaded g-CsNs was expected, however, the enhanced activity in the visible light exposure
enlightened the critical role of some additional contributor in augmenting the photocatalytic
degradation of Rhodamine B. The intense band centered at ~536 nm in the absorption spectra (Fig
4.28) of Au and Au-Ag alloy dispersed g-CsN4 predict the potential ability of the materials for the
generation of SPR states as a result of photon absorption in the visible region. The assistance of
the SPR in the photocatalytic degradation process is mainly governed by either direct injection of
electrons from the excited plasmonic state to conduction band (CB) of semiconductor or the strong
enhancement of the electromagnetic field in the close vicinity of the excited plasmonic NPs [133].
Another significant effect of SPR is the increased path length of the incident photons due to the
scattering from metal NPs however, strongly dependent on the size compatibility of the incident
photons and metallic NPs (quantum size effect). In the current case, due to the mismatch of the
size of the incident photons with that of Ag, Au or Ag-Au alloy NPs, the contribution of the
increased path length in enhancing the photocatalytic activity is less likely. Additionally, the

contribution of electromagnetic near field mechanism requires a close correlation in the energies
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associated with SPR and the semiconductor with an effective overlap of SPR band and the incident
light spectrum [134] which is not well defined in the current case. Therefore, it might be presumed
that SPR contributes to the enhanced activity of the Ag, Au or Ag-Au alloy loaded catalysts by the
direct electron injection (charge transfer) to the conduction band of the semiconductor as the Fermi

levels of Au and Ag are located between the conduction and valence band of g-C3N4[135, 136].
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Figure 4.28 Comparison of the SPR assisted degradation of rhodamine B in the presence of g-
C3Nas, Ag/g-CaNa, Au/g-C3Ns, 0.5%Au-Ag/g-CsNs, 1%Au-Ag/g-CaNs and 3%Au-Ag/ g-CzNa
extravted by using 532nm (green) laser as SPR generated light source. The inset shows the
percentage decrease in the concentration of rhodamine B for the respective catalysts.

Therefore, it can be inferred that the enhanced degradation of Rhodamine B both in the visible
light and complete spectrum sunlight exposure is not accomplished by a single mechanism. The
metallic NPs present at the surface of g-CaNg, either pure or alloy, contribute in the charge trapping
and transfer of the photon generated charge carriers (electrons) in the conduction band of g-C3N4
at varying extent that results in the reduced electron-hole recombination and increased catalytic
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activity. The reduced emission intensities in the PL analysis of the metal NPs loaded catalysts
compared to the pure g-C3sN4 supports reduction in the recombination rate (mechanism I) as shown
in fig 4.29. As Au and Ag are the electron rich elements, the capture of excited electrons and the
provision of excessive energy from the plasmonic states may result in the localization of excessive
negative charge and the shifting of the Fermi levels to more negative potential thus initiating the
probability of the back donation of electrons to the conduction band of g-CsN4. Moreover, the
noble metal NPs may also act directly as catalytic site for reduction reaction and formation of
superoxide anion radicals (mechanism 1) [137, 138] as displayed in fig 4.29. As this cycle
propagates under illumination the absorption of the photons directly by the dye molecules and their
contribution in the indirect photocatalytic degradation of the dye cannot be completely ignored.
Although, the possibility of occurrence of a variety of reactions has been discussed above,
however, the precise mechanism is still a subject of research. The pictorial explanation of the

dominant mechanisms is presented in fig 4.29 below.
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Figure 4.29 The plausible mechanisms of ROS generation involved in the degradation
of Rhodamine B over Au-Ag alloy NP dispersed g-CsNa in visible light and complete

spectrum sunlight exposure.

Scheme 1: The plausible mechanisms of ROS generation involved in the degradation of
Rhodamine B over Au-Ag alloy NP dispersed g-C3Ns in visible light and complete spectrum

sunlight exposure.

The possible role of the SPR states in the degradation process of Rhodamine B was further
investigated and verified by exposing the samples (Ag, Au and Au-Ag alloy) to the monochromatic
light i.e. 532 nm laser for a fixed period. The degradation profile of 10 ppm Rhodamine B over
various catalysts is presented in the Fig 4.28, whereas, the inset presents the comparative graphical
evaluation of the percentage degradation of the dye over all the catalysts. As mentioned earlier,
the Au-Ag alloys possess strong absorption bands in the visible region at ~536 nm. The choice of
532 nm monochromatic light was based on the excitation of metal or metal alloy NPs for the
generation of SPR states. Compared to pure g-C3N4, the decrease in the concentration of dye, at
varying extent, however, consistent with the increasing Au contents clearly demonstrated the role
of SPR in the degradation process. Compared to ~6% decrease in dye concentration for Ag/ g-
CsNaz (1% Ag), ~12% of the dye was degraded over Au/g-C3sN4 (1%Au) whereas ~28% of the dye
was removed by 1% Au-Ag alloy/g-CsNscomposed of 1%Ag and 1% Au that showed the enhanced
response of the metals in the alloy from rather than individual metal. It was also noticed that the
increase in Au contents to 3%, the alloy failed to maintain the linear increase in the degradation.
This effect is probably due to the loss in the synergy between Au and Ag for the mutual sharing of

electrons. This observation highlights the importance of the components of the alloy (Au & AQ)
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for optimized SPR efficiency. The Au-Ag alloy dispersed g-C3Na4 showed excellent stability in the

repeated exposures.

4.25 Conclusions

The dispersion of Au-Ag alloy NPs at the surface of g-CaN4resulted in the significantly sustained
and higher activity as compared to that of Au or Ag loaded g-CsN4. In Au-Ag alloy loaded
catalysts, the Au protects Ag against oxidation whereas Ag enhances the ability of Au for better
electron capture and transfer. The existence of synergy between Au and Ag in alloys enhanced the
magnitude of SPR that contributed significantly in enhancing the degradation process. The

composition of the components is an important parameter for optimal activity of the alloy NPs.

CHAPTER 5

CONCLUSION AND FUTURE PROSPECTS

5.1 Conclusion

e Graphitic carbon nitride was successfully prepared as a visible light driven photocatalyst
from melamine by pyrolysis method.

e Metal oxide (tungstic oxide) was incorporated on the graphitic carbon nitride sheet to
successfully improve its photoefficiency.

e Also, using photoimpregnation method, gold and silver alloy nanoparticles were deposited
as dopants on the surface of the graphitic cxarbon nitride to enhance its efficiency through

surface plasmon resonance effect.
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5.2

The morphology of the synthesized composites were studied using XRD, FESEM and
HRTEM.

Chemical evaluation was examined by XPS analysis for alloy doped graphitic carbon
nitride.

Metal oxide (WOgz) and transition metals (Au, Ag) doped nanoparticles were
homogenously dispersed with high purity possessing narrow size distribution ranging from
10-50 nm.

UV-Visible spectrophotometry was used to measure the band gap of the different
synthesized composites.

On application of the metal oxide composite to the degradation of rhodamine B, a blue
shift was observed which indicate de-alkylation of the dye structure.

Comparison of performance on exposure to visible light as against complete spectrum in
the sunlight, was carried out.

The optimum combination ratio was establish by the degree of degradation of the dye.
The trend of the photocatalytic performance for the WO3(x)/g-C3N4(1-x) on rhodamine B
degradation is in the order: WO3(0.1)/g-C3N4(0.9) > WO3 > g-C3Na

For the alloy doped graphitic carbon nitride, the following trend was observed and
established: 3%Au-Ag/g-CsNs > 1%Au-Ag/g-CaNs > 0.5%Au-Ag/g-C3Ns > Au/g-C3Ns >

Ag/g-C3Na > g-C3Na4

Future Prospects

The following recommendation should be observed in the near future:

83



More visible light driven catalyst should be synthesized since the larger part of the sunlight
consist of the visible region of the spectrum.

Other ways to reduce the recombination effect on graphitic carbon nitride should be looked
into, to enhance its efficiency.

Composites such as the metal oxide incorporated on a semiconductor and surface plasmon
photocatalyst should be explored for more harvest of photons in the visible region and
better charge carrier separation efficiency.

Physical properties of the catalyst such as particle size, crystal structure and charge transfer
mechanism should be thoroughly investigated.

Interesting composite materials should be synthesized applying soft chemical approach for
photocatalytic application in the future.

These visible light driven catalysts should also be thoroughly explored for heavy metal and

sulphate bacteria removal.
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