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Abstract

Photocatalysis has become a promising technology in the search for environmentally re-

medial and sustainable energy sources. Because of its special qualities and possible uses,

the composite of zinc oxide (ZnO) and graphitic carbon nitride ( g-C3N4) has attracted a

lot of interest among photocatalysts. A thorough analysis of the state of the art research

on g-C3N4 in bulk and g-C3N4/ZnO as a developing photocatalyst is presented in this ab-

stract. The abstract explores the basic ideas of photocatalysis and clarifies the processes

that lead to the production and application of photoexcited charge carriers. Optimizing

the performance and design of photocatalysts requires a thorough understanding of these

mechanisms. The synthesis procedures for creating g-C3N4 in bulk and g-C3N4/ZnO com-

posites are then covered. Additionally emphasized is the impact of synthesis factors on

the physiochemical characteristics of bulk g-C3N4 and g-C3N4/ZnO composites. Charac-

terization methods such photo luminescence (PL), UV-Vis absorbance spectroscopy, and

Powder X-ray diffraction (PXRD) are used. In the following section, the optical charac-

teristics of bulk g-C3N4 and g-C3N4 composites are discussed. These composites’ optical

absorption characteristics and bandgap engineering are key factors in defining their pho-

tocatalytic performance. Utilizing methods including photoluminescence and UV-visible

DRS spectroscopy, researchers examine the optical characteristics of g-C3N4 in bulk and

g-C3N4 composites. The difficulties and potential outcomes in the creation of bulk g-C3N4

and g-C3N4/ZnO composites as photocatalysts are finally described. Overcoming the var-

ious obstacles will enable the broad use of g-C3N4 in bulk and g-C3N4/ZnO composites in

photocatalysis .The article concludes by offering a thorough summary of the most recent

developments in the synthesis, characterisation, and photocatalytic uses of g-C3N4 and

g-C3N4/ZnO composites in bulk.
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Chapter 1

Introduction

The world is under stress due to the declining quality of water with each day that goes

by, which is caused by the increase in human population, industrialization, and other

activities.Since wastewater treatment is a serious issue, developing strategies for it should

be of the utmost importance. With growing industrialization and urbanization, there is

growing worry over synthetic dye releases into the environment due to their detrimental

effects on ecosystems and human health. Synthetic dyes are widely used in many dif-

ferent industries, including paper, plastics, textiles, and cosmetics, to give goods color.

However, the reckless discharge of wastewater containing dyes into aquatic environments

poses a major threat to aquatic ecosystems and human health. Due to their resistance

to biodegradation, many synthetic dyes can persist in the environment for extended pe-

riods of time, contaminating water, disrupting ecosystems, and harming human health.

Traditional color degradation methods can turn out to be inefficient or harmful to the

environment.

In this context, the use of photocatalysts for dye degradation has emerged as a workable

solution that offers a sustainable way to lessen the consequences of dye pollution. This

introduction seeks to highlight the critical role that photocatalysts play in the degrada-

tion of synthetic dyes, with an emphasis on current advancements and their fundamental

significance in tackling today’s environmental challenges.The method of photocatalysis,
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CHAPTER 1. INTRODUCTION

which breaks down organic pollutants like artificial colors by using light energy to accel-

erate chemical reactions, offers a practical and effective way to do so [1]

Photocatalysts are usually semiconducting materials such as titanium dioxide (TiO2), zinc

oxide (ZnO), and graphitic carbon nitride (g-C3N4). These materials can produce reac-

tive oxygen species (ROS) when exposed to the right kind of light. ROS can then oxidize

and mineralize organic pollutants, including synthetic dyes, into harmless byproducts like

carbon dioxide and water. Recent research efforts have focused on improving the photo-

catalytic efficiency and selectivity for dye degradation of semiconductor photocatalysts.

Advanced synthesis techniques such as sol-gel, hydrothermal, and microwave-assisted syn-

thesis have been employed to change the surface properties, crystallinity, and morphology

of photocatalysts to improve their catalytic efficiency. Moreover, their effectiveness in de-

grading a range of synthetic dyes in various environmental conditions has grown with the

development of novel heterostructures, doping strategies, and photocatalyst composites

[2].

Using photocatalysts to degrade dyes is an environmentally friendly method of reducing

dye pollution, but it has a significant environmental impact. Photocatalysis uses solar

energy as the catalyst for dye degradation, reducing the amount of harmful byproducts

produced and reducing reliance on external energy sources. Photocatalytic dye degrada-

tion has come a long way, yet there are still many problems that need to be overcome

[1].These include improving photocatalytic reactor designs and operating conditions for

practical applications and developing more stable, efficient, and recyclable photocatalysts.

Future studies on photocatalysis for dye degradation should focus on finding solutions

to these issues while exploring novel photocatalytic materials, procedures, and reactor

configurations.Two-dimensional materials have shown to be the most appropriate of all

the material types for photocatalysis.

2



1.1. 2D MATERIALS CHAPTER 1. INTRODUCTION

1.1 2D Materials

One-layer, or two-dimensional, crystalline solids consisting of a single layer of atoms are

called single-layer materials. Two-dimensional materials are a part of a larger class of

nanomaterials that are identified by their dimensions, or more accurately, by being in

the nanoscale range. These materials differ from their 3D counterparts in that they have

a thin atomic structure, sometimes comprising only a few or even a single atom. The

extremely thin structure of 2D materials gives rise to their unique features [3].These 2D

materials have exceptional physical and chemical properties, which are different from bulk

3D materials, with a high surface area-to-volume ratio, remarkable mechanical strength,

and superior electronic conductivity.

These have sparked a great deal of curiosity among scientists and resulted in creative

applications across a range of disciplines. The enormous surface area of 2D materials is

one of their key features; this makes them perfect for catalytic processes [4]. Its superior

electrical conductivity also makes it easier to utilize in electronics and energy-storage

systems. Since 2D materials are thin, flat structures, new materials with unique properties

can be created by stacking or layering them in various configurations to form what are

known as van der Waals heterostructures. This creates fresh opportunities for creative

applications

1.2 Graphitic Carbon Nitride

g − C3N4 has emerged as a potential semiconductor material with a broad variety of

applications in photocatalysis due to its unique properties and intrinsic stability. In

recent times, there has been a notable progress in comprehending the fundamental con-

cepts, manufacturing techniques, and practical applications of g-C3N4 as a photocatalyst.

This introduction aims to provide an overview of recent advancements in g-C3N4 pho-

tocatalytic application advances, highlighting the material’s potential to address press-

ing environmental and energy-related issues. Due to its unique electrical structure and

suitable bandgap for light absorption, g-C3N4 is capable of photocatalysis using solar en-
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1.3. ZNO CHAPTER 1. INTRODUCTION

ergy.Visible light response element g-C3N4 has a band gap of 2.7 eV, while CB and VB’s

energy locations are at 1.1 and 1.6 eV.

Recent studies have provided insights into the band structure and electrical properties of g-

C3N4, providing information on its photocatalytic activity. Unlike other metal-containing

photocatalysts,g-C3N4 has the unique capacity to be easily synthesized by thermally poly-

condensing the inexpensive N-rich precursors, such as dicyanamide, cyanamide, melamine,

melamine, and urea.One of the main advantages of g-C3N4 is its exceptional chemical sta-

bility, which allows it to withstand harsh reaction conditions and prolonged exposure to

light without significantly degrading. This property makes g-C3N4 a desirable choice for

long-term photocatalytic applications.To boost g-C3N4’s selectivity and photocatalytic

activity for specific processes, its surface chemistry and shape can be changed.

Advances in surface modification techniques have allowed for the controlled synthesis

of g-C3N4 with ideal surface properties for photocatalysis. The initial method used

to produceg-C3N4 was thermal condensation of precursor compounds such as urea or

melamine. These methods, while effective, often resulted in g-C3N4 with low crystallinity

and surface area. Advancements in synthesis techniques, including template-assisted, hy-

drothermal, and solvothermal procedures, have enabled the production of g-C3N4 with

improved shape, surface features, and crystallinity.

1.3 ZnO

Zinc oxide (ZnO) has become a widely used semiconductor material in a variety of indus-

tries, including photocatalysis. Zinc oxide (ZnO) is an important flexible photocatalyst,

and its significance has been highlighted by recent advances in understanding its funda-

mental characteristics, production methods, and photocatalytic mechanisms. The purpose

of this introduction is to give a summary of current research on the application of ZnO

as a photocatalyst and to emphasize the potential of this material in resolving current

environmental and energy-related issues. 3.37 eV is a big band gap for zinc oxide.Zinc

oxide (ZnO) is an excellent UV optical transparent material with a broad bandgap that

makes it suitable for photocatalytic activities[5].
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1.4. G-C3N4/ZNO COMPOSITE CHAPTER 1. INTRODUCTION

Recent studies have shed light on ZnO’s band structure and optical properties, reveal-

ing information about how well the material functions as a photocatalyst under different

lighting conditions. The ZnO surface has a variety of surface states, reactive sites, and

defects, all of which are necessary for encouraging photocatalytic reactions. Improvements

in defect management and surface engineering have led to an increase in ZnO’s catalytic

activity and surface reactivity, improving photocatalytic performance. Zinc Oxide (ZnO)

is suitable for long-term photocatalytic applications due to its remarkable chemical sta-

bility and durability in a variety of environmental conditions. Recent studies have looked

at the stability mechanisms of zinc oxide (ZnO) and strategies to increase its resistance

to photocorrosion and degradation during photocatalysis[6].

1.4 g-C3N4/ZnO Composite

When g-C3N4 and ZnO are combined in nanocomposite structures, their synergistic ef-

fects enhance their photocatalytic activity. The tight contact between g-C3N4 and ZnO

facilitates efficient charge separation and transfer under both UV and visible light irradi-

ation, enhancing photocatalytic activity. Recent studies have demonstrated that g-C3N4/

ZnO nanocomposites perform better than their individual components for a range of pho-

tocatalytic applications.

A potential family of photocatalytic materials with a variety of uses in solar energy conver-

sion and environmental remediation are g-C3N4/ZnO nanocomposites. Recent advance-

ments in the synthesis, characterization, and photocatalytic performance of g-C3N4/ZnO

nanocomposites have opened up new avenues for addressing global challenges related to

water pollution. The goal of study is to create effective and long-lasting photocatalytic

systems for a cleaner and more sustainable future by utilizing the complementary prop-

erties of g-C3N4 and ZnO.
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1.5. OBJECTIVES CHAPTER 1. INTRODUCTION

1.5 Objectives

The aim of this study is to examine the possible uses and effectiveness of photocatalysts

in the breakdown of synthetic dyes.Methylene blue dye is the dye that was employed in

this research work to examine the degradation. The study’s specific objectives are to :

• synthesize g-C3N4 and the g-C3N4/ZnO composite

• Characterizations

• examine its photocatalytic activity

• To study Factors affecting the photocatalytic performance

• its mechanism and function in pollutant degradation

The study aims to clarify the parameters affecting photocatalytic activity, such as the

quantity of catalyst being utilized and the properties of the light source, by experimental

evaluation and theoretical modeling.

6



Chapter 2

Experimental

2.0.1 Chemicals

All the chemicals used for the synthesis of pure g-C3N4, g-C3N4/ZnO such as melamine

(C−3H6N6) ,zinc acetate dehydrate((CH3OO)2Zn * 2 H2O) were the starting precursors

and were purchased from Sigma Aldrich and s d fine-chem limited(SDFCL) respectively

,ethanol (C2H5OH) and distilled water was used for washing purpose. Methylene Blue

Dye was purchased from Avantor Performance Materials India Limited. Throughout the

experiment, distilled water was used.

Figure 2.1: Methylene Blue dye
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CHAPTER 2. EXPERIMENTAL

2.0.2 Synthesis of g-C3N4 using thiourea as the starting precur-

sor

To synthesize g-C3N4 , thiourea was utilized as the initial ingredient. In this case, thiourea

serves as a precursor. The weighing equipment was used to weigh 10 gms of thiourea. This

was then moved to a ceramic crucible. The ceramic lid sealed the crucible completely.

This was then placed in a tube furnace with a ceramic crucible on top of a rectangular

plate. The following were the tube furnace operating conditions: heated at 550 °C at a

rate of 2 °C/min for 4 hrs. A mortar and pestle was used to form a powder form of the

yellow solid sample that was obtained. The above yellow coloured powder was used for

further characterization.A similar procedure was tried using Melamine as the precursor

[7].

[][] [][]

Figure 2.2: the Tube Furnace that was used and the g-C3N4 solid sample that was ob-
tained.
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CHAPTER 2. EXPERIMENTAL

2.0.3 Synthesis of g-C3N4 using melamine as the starting pre-

cursor

Take 10 g of melamine put in the ceramic crucible and cover it with a lid.Put the crucible

in tube furnace.in this case ,the tube furnace wherein the rate had to be manually set was

used. Set the parameters as temperature 550 °C for 4hr with heating rate of 2 °C /min.

Once the temperature was reached to 550°C,the furnace was switched off and the sample

was left overnight so that it was allowed to come back to room temperature naturally.

Once the furnace came back to room temperature ,the sample was removed from the

furnace. Solid sample was obtained which was further grinded in order to obtain the

powder[7].

Figure 2.3: Solid g-C3N4 sample obtained using Melamine as the precursor
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CHAPTER 2. EXPERIMENTAL

2.0.4 Synthesising g-C3N4 at various temperature using melamine

as the precursor.

Trial 1

Take 10 g of melamine put in the ceramic crucible and cover it with a lid.Put the crucible

in tube furnace.in this case ,the tube furnace wherein the rate had to be manually set

was used.Set the parameters as temperature 450 °C for 4hr with heating rate of 2 °C

/min. Once the temperature was reached to 450°C ,the furnace was switched off and

the sample was left overnight so that it was allowed to come back to room temperature

naturally.Once the furnace came back to room temperature ,the sample was removed from

the furnace.Solid sample was obtained which was further grinded in order to obtain the

powder.The above same procedure was used for synthesizing at 650 °C as well. [8].

At 450°C, White colour sample was obtained.

At 650°C,dark yellow colour sample was obtained.

Result:In the above case , the sample was not completely formed as the intermediate

products of melamine were also seen in the XRD.The rate plays a very crucial role in

synthesizing and one of the reason why the sample was not completely formed could be

because the rate was not constant throughout.

Figure 2.4: Displays solid g-C3N4 samples synthesized at 450°C, 550°C and 650°C.
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CHAPTER 2. EXPERIMENTAL

2.0.5 Calcination

To obtain Bulk g-C3N4 and Calcinated g-C3N4/ZnO Samples

Figure 2.5: Oven used for calcinating the samples.

Take the solid sample and grind out a little with the help of a mortar and pestle.Take

approximately 500 mg of the prepared g-C3N4 and put in ceramic crucible and cover the

crucible with ceramic lid [6]. Place this crucible in Oven and set the parameters as heating

temperature 250 °C with heating rate 2 °C/min for 2 hrs. Wait till the temperature of

oven reaches to 250 °C once it reaches put off the oven and the sample was allowed to

come down to room temperature naturally overnight. This sample was further used for the

photocatalytic study .This exact same procedure was used for calcinating g-C3N4/ZnO

aswell.[7].

Why Melamine is a better precursor compared to thiourea?

Melamine is often considered a better precursor than thiourea for the synthesis of graphitic

carbon nitride due to several factors:

• Nitrogen Content:

11



CHAPTER 2. EXPERIMENTAL

Nitrogen is the most essential component of g-C3N4 lattice. the presence of these

nitrogen atom in the lattice structure act as the active sites for catalytic reactions.

• Structural Stability:

The carbon nitrogen bonds that are present in the triazine rings are way more

stronger ,thus providing more stability to the molecule. The presence of these

nitrogen atom in the triazine ring eventually increases the number of covalent bond

present. In thiourea, the Carbon sulphur bonds are comparetively weaker than

carbon nitrogen bond.

• Photocatalytic Performance:

More nitrogen content provides more active sites for photcatalytic reactions.

• Yield:

The final yield obtained using Melamine as the precursor is way more than that

obtained using thiourea as the precursor.

Why 550°C was considered to be the optimizing temperature for the synthesis?

As per [9], The increase in the heating temperature can enlarge the bandgap of g-C3N4

.When the calcinating temperature was increased from 2.77 eV - 2.77 eV because of

increased degree of polymerisation.When the temperature was further increased to 650°C

,the band gap further increased to 2.82 eV [6].This revealed that the band gap in case

of g-C3N4 at 550°C was narrower than samples prepared in the range 450°C -650°C.Also,

the sample synthesized at 550°C had higher ability of absorbing visible light which can

further lead to better photocatalytic activity[5].

12



CHAPTER 2. EXPERIMENTAL

TRIAL PRECURSOR QT. gm CRUCIBLE LID TEMPE RATURE °C HEATING RATE RESULT
1 Thiourea 1 Semi closed 550 2 Evaporated
2 Thiourea 2 Semi closed 550 15 Evaporated
3 Thiourea 10 closed 550 2 (Constant) Sample is formed
4 calc. g-C3N4 (thiourea) @ 250 2
5 Melamine 10 closed 550 2 Sample is Not Formed
6 melamine 3 closed 650 5 Sample is not formed
7 Melamine 3 closed 450 5 Not formed
8 Calc. g-C3N4(Melamine) @250 2
9 Melamine 10 closed 550 2 (Constant) Sample is formed

Table 2.1: Synthesis trial for g-C3N4

2.0.6 Synthesis of g-C3N44/ZnO

Trial 1

Weighed 5 gms of Melamine and 1.25 gms of zinc acetate dehydrate .Grind them well for

30-45 mins. Place it in the oven for 1 hr at 85 °C. Place it in the furnace at 550 °C for 3

hrs at 2 °C/min with a partially closed lid and was then allowed to come back to room

temperature. The obtained yellow coloured powder was then crushed and grinded. Wash

the obtained powder with 0.1 M of HNO3, distilled water and ethanol. The powder was

then placed in an oven at 85 °C for 5 hrs[10].

Result : This above procedure did not work for the synthesis of the composite. Only

g-C3N4 peak were seen in the XRD and no ZnO peaks were visible indicating the absence

of ZnO in the composite.

Figure 2.6: XRD of g-C3N4/ZnO Composite Trial 1
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Trial 2

Precursors, zinc acetate and melamine, were utilized to create g-C3N4 /ZnO composite

photo catalysts. In a standard run, 10g of melamine powder was added after 20 ml of

deionized water had been used to dissolve zinc acetate (0.125 g, 0.57 mmol). Melamine

was dissolved in zinc acetate solution and agitated vigorously for one hour. The mixture

was then vacuum-dried for four hours at 80 °C. The resulting mashed mixture was then

placed in a covered crucible and heated for two hours at 500 °C at a heating rate of 20

°C min1 in a muffle furnace [11].

Result :This above procedure did not work for the synthesis of the composite.

Figure 2.7: XRD of g-C3N4/ZnO Composite Trial 2
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Trial 3

6 gms of Melamine and 3 gms of zinc acetate dehydrate .This mixture was grinded with

the help of a mortar pestle for about an hour.This mixture was then shifted to a ceramic

crucible and placed in a furnace 550 °C for 4 hrs.The final product was then washed with

ethanol and dried at 80 °C for 3 hrs in a oven [10].

Result : This above procedure did not work for the synthesis of the composite. Only

g-C3N4 peak were seen in the Xrd and no ZnO peaks were visible indicating the absence

of ZnO in the composite.

Trial 4

Weighed 10 gms of melamine and 0.125 gms of zinc acetate dehydrate. Measure 20

ml of distilled water and pour the measured zinc acetate into it and dissolve it in water

completely. Stir it for an hour or so Dry it in the oven at 80 °C for 4 hr. After drying, grind

the white powder, transfer it in a crucible and place it in the furnace with a completely

closed lid at 500 °C for 2 hr at 2 °C /min.The obtained sample was then grinded into

powder [11].

Result : This above procedure did not work for the synthesis of the composite.
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Trial 5

Weigh 9 gms of melamine and 1.8 gms of Zinc Oxide (20 percent of Zinc Oxide). Grind

it for some time using mortar and pestle.Transfer the grinded mixture into a ceramic

crucible with a completely closed lid.Place it in the furnace at 550°C for 4 hrs at 5°C/min

[12].

Result : This above procedure did work for the synthesis of the composite but the inten-

sities of the peak were too high.

Figure 2.8: XRD of g-C3N4/ZnO Composite Trial 5
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Trial 6

Weigh 7 gms of melamine and 3.5 gms of Zinc Oxide (50 of Zinc Oxide).Grind it for some

time using mortar and pestle. Transfer the grinded mixture into a ceramic crucible with

a completely closed lid. Place it in the furnace at 550°C for 4 hrs at 2°C /min [12].

Result :The g-C3N4/ZnO composite was successfully obtained using the above trial 6

procedure.

Figure 2.9: Obtained Solid Samples for g-C3N44/ZnO

TRIAL PRECURSOR QT. (gm) CRUCIBLE LID TEMP. °C HEAT. RATE RESULT
1 Melamine/ Zinc Acetate 5/ 1.25 Semi Closed 550 2 Not formed
2 Melamine/ Zinc Acetate 10/ 0.125 Semi closed 500 20 Not formed
3 Melamine/ Zinc Acetate 6/3 Closed 550 5 Sample not formed
4 Melamine/ Zinc Acetate 10/ 0.125 Closed 500 2 Not formed
5 Melamine/ Zinc Oxide 9/ 1.8 Closed 550 2 formed
6 Melamine/ Zinc Oxide 7/ 3.5 Closed 550 2 formed

Table 2.2: Displays the various trials for synthesising bulk g-C3N4/ZnO composite.

2.0.7 Photocatalytic Activity

Here,the 10 ppm of MB dye solution was prepared as below. Firstly,a 1000 ppm stock

solution was prepared where in 0.1 gm of g-C3N4 was dissolved in 100 ml of water. then

from this 1000 ppm of stock solution was prepared. Now, for 10 ppm,1 ml from 1000 ppm

stock solution was again dissolved in 100 ml of water.

FORMULA TO PREPARE STOCK SOLUTION
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ppm = (gmsofsolute/mlofsolution) ∗ 100

The Methylene Blue Dye breakdown test was used to assess the photocatalytic activity

of the as-prepared samples under visible light irradiation. A visible bulb supplied the

visible light. A glass vessel in a photoreactor setup was filled with an aqueous solution

of MB (10 ppm), and 100 mg of photocatalyst was added. To achieve the saturation

absorption of MB onto the catalysts, the suspensions were magnetically agitated in the

dark for approximately 45 minutes after being subjected to ultrasonication for about 15

minutes prior to irradiation. The photoreactor with the visible lamp was then filled with

this solution. After the adsorption was finished, turn on the lamp. Three milliliters of

sample solution were sampled at specific intervals. Using a UV–Vis spectrophotometer,

the filtrates were examined for differences in the highest absorption peak (650 nm for

MB). Also, various studies keeping the ppm fixed and by varying the amount of g-C3N4

was also studied using a Visible lamp inorder to optimise the amount of g-C3N4 and the

composite.

[][] [][] [][]

Figure 2.10: Photocatalytic Dark studies.
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[][]

[][]

Figure 2.11: Photoreactor Setup.
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Instrumentation

3.0.1 Powder X- Ray Diffraction (PXRD)

An X-ray source, a sample holder, an XRD detector are the three primary components of

an X-ray apparatus. The source illuminates the sample with X-rays. After that, it passes

through the sample phase and into the detector. The intensity is measured and diffraction

data are recorded by moving the tube or sample and detector to alter the diffraction angle

(2θ), which is the angle between the incident and diffracted beams. The angle between

the incident beam and the sample can be either constant or variable, depending on the

diffractometer’s geometry and the kind of sample. This angle is typically associated with

the diffracted beam angle.

Using this method, x-ray beams are passed through it[4]. Instead of utilizing considerably

longer wavelengths, which would remain unchanged by the spacing between atoms, X-ray

beams are chosen because their wavelength is similar to the spacing between atoms in the

sample. As a result, the angle of diffraction will be modified by the spacing of the atoms

in the molecule. Following their passage through the sample, the x-rays ”bouncing” off of

the atoms in the structure cause the beam to change direction at an angle, θ, that differs

from the initial beam. This is the diffraction angle.
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While some of these diffracted beams cancel each other out, positive interference hap-

pens when the beams have wavelengths in common. When two x-ray beams with whole

number integer wavelengths combine to form a new beam with a larger amplitude, this is

known as constructive interference. For this particular angle of diffraction, a larger signal

corresponds with a larger wave amplitude. The difference between atomic planes can then

be calculated using the angle of diffraction and Bragg’s rule,

[2dsinθ = nλ

where d is the distance between atomic planes, lambda is the wavelength added, and θ is

the angle of diffraction. The composition or crystalline structure can then be ascertained

by measuring the distance between atomic plates.[13]

[][]

[][]

Figure 3.1: PXRD Setup
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3.0.2 Raman Spectroscopy

An essential method for classifying various materials—which can be solids, liquids, or

gases—is Raman spectroscopy. It is a straightforward, non-invasive method that doesn’t

need complex sample preparation. A spectrometer analyzes the dispersed light after

the sample is exposed to monochromatic light. This method uses the monochromatic

light’s inelastic scattering. The incident photons’ frequency varies during the scattering

process. The sample absorbs input light photons before reemitting them. These photons’

frequency shifts in relation to the fundamental monochromatic frequency, either upwards

or downwards. We refer to this phenomena as the Raman effect. Important details on

the vibrational, rotational, and low frequency transitions of the sample molecules are

contained in these shifts.

The characteristic frequency νo is the vibration frequency of molecules caused by periodic

deformation. Therefore, the molecules are excited by the monochromatic laser beam with

frequency νo, which transforms them into oscillating dipoles.

Figure 3.2: Schematics of Raman Setup

From fig 13, The essential parts of a Raman spectrophotometer are:
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• Laser:

Mercury arc lamps were utilized as the light source in early Raman spectrome-

ters; until the 1960s, a 435.8 nm line of coiled low-pressure mercury arc lamp

was in use.When laser sources became widely available in the late 1960s, mercury

lamps were totally replaced.These laser sources emit a steady, powerful beam of

light. Many different types of lasers are available for use, such as Neodymium-

Yttrium Aluminum Garnet (Nd:YAG) and Neodymium-Yttrium Ortho-Vanadate

(Nd:YVO4) (1064 nm), Argon ion (488 and 514.5 nm), Krypton ion (530.9 and

647.1 nm), Helium-Neon (He–Ne) (632.8 nm), Near Infrared (IR) diode lasers (785

and 830 nm), as well as other types of lasers.Short wavelength sources, such as argon

and krypton ion lasers, produce a significant amount of fluorescence and cause the

specimen to photodegrade.

• Optics for sample illumination and light collection:

To obtain the Raman spectrum, light from the irradiated or lit spot is collimated

by a lens and directed into an interference filter or spectrometer.

• Spectrometer or filter used as a wavelength selector:

One laser beam can be separated using band pass filters. Dispersive instruments

often use a grating monochromator of superior quality in conjunction with a notch

filter. To distinguish between strong Rayleigh scattered radiations and compara-

tively weak Raman lines, devices such as double or even triple grating monochro-

mators, super notch filters, rejection filters, holographic notch or edge filters, and

holographic filters are employed.

• Detector:

Early dispersive Raman spectrophotometer models featured photodiode array de-

tectors and thermoelectrically cooled photomultiplier tubes.These detectors are re-

placed by more sensitive charge transfer devices (CTDs), such as charge-coupled
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devices (CCDs) and charge-injection devices (CIDs), thanks to developments in

instrumentation and technology. These devices are employed in array form and

function as detectors. The photosite in CTD arrays transforms the incoming opti-

cal signal into charge, which is then integrated and sent to the readout devices.When

the laser wavelength is less than 1 m, multichannel CCD detectors are utilized, and

when the laser wavelength is larger than 1 m, single element narrow band-gap semi-

conductor detectors like Germanium (Ge) or Indium–Gallium–Arsenic (InGaAs)

detectors are used [14].

3.0.3 UV Diffuse Reflectance spectroscopy(UV DRS)

Is A sort of absorption spectroscopy known as diffuse reflectance spectroscopy measures

the light that is reflected from the sample as opposed to the transmitted beam passing

through it. This approach is frequently used to assess opaque materials that absorb too

much energy to be detected through transmission. Diffuse reflectance spectroscopy is a

technique used to collect and analyze scattered IR energy, which in turn is used to measure

extremely fine particles or course surfaces[15]. UV–Vis Diffuse Reflectance Spectroscopy

is a widely used, basic spectrophotometric technique for the analysis of powders and

surfaces, requiring a negligible sample preparation . It is based on the surface dispersion

of a fraction of the uv-Vis incident radiation on it[16].

Connect the UV visible spectrometer to the computer .Here, the solid sample was put

in the sample holder and it was spread throughout the holder with the help of a pestle.

This was then placed in the UV diffuse reflectance set up. There are four slots where

in three slots contained barium sulphate powder and in the fourth slot, one has to place

their sample.

3.0.4 Photoluminescence (PL)

PL is the Interaction between light and matter .Spectroscopy using photoluminescence

operates in a non-contact mode. This method of analyzing the electrical structure of a

substance is non-destructive. When light strikes a sample, a process known as photo-
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Figure 3.3: UV DRS Setup

excitation causes the light to be absorbed by giving the material its excess energy. Lu-

minescence, or the emission of light, is one way that the sample dissipates this surplus

energy. Luminescence in the context of photo-excitation is referred to as photolumines-

cence. Electrons in the material occupy the permitted excited states upon excitation.

These excited electrons dissipate the excess energy as light, which is known as a radiative

process, or as any other non-radiative process, returning to their stable, or equilibrium, or

ground state. The energy difference between the two electronic states involved in the tran-

sition between the excited and equilibrium states is related to the light energy released

(photoluminescence). On the other hand, the radiative process component determines

how much light is released.[17]

Figure 3.4: Photoluminescence Setup
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3.0.5 Flourescence

A small rectangular Box like setup wherein you have to place the liguid solutions inside

the box.Three switches for three different type of wavelength are available.You can turn

the switch on the switch of the desired wavelength and check if your liquid sample so

prepared exhibited flourescences.

Figure 3.5: Flourescence Setup
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Results and Discussion

4.0.1 Characterisations

With a scan rate of 5°/min, an X-ray diffraction spectrometer (Cu K, =1.5415) was used

to examine the crystalline structures of g-C3N4.The amount of light that a material emits

after absorbing photons was investigated using PL. Using absorbance spectroscopy, the

catalysts’ UV-vis absorbance in the 200–800 nm wavelength range was determined.Using

UV diffuse reflectance spectroscopy, the band gap of g-C3N4, ZnO, and the g-C3N4/ZnO

Composite were determined.

4.0.2 PXRD Analysis

PXRD was used to describe bulk g-C3N4 made by annealing melamine at 550 oC ( Figure

17). The strongest peak at 2 = 27.5 o is associated with the (002) g-C3N4 planes’ interlayer

stacking. The nitrogen-linked heptazine units’ in-plane ordering is associated with the

(100) planes, which are responsible for the peak at 2 = 12.8 o [18]. According to published

g-C3N4 [19], the prominent peak at 27.5° in the g-C3N4 sample with an interplanar spacing

of 0.323 nm corresponds to the multilayer stacking of conjugated aromatic systems. By

using Scherrer’s formula,
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Figure 4.1: XRD graph for Bulk g-C3N4/ZnO, bulk g-C3N4 and bulk ZnO

D =
(0.9λ)

β cos δ

, where is the Full Width Half Maximum on the 2θ scale, θ is the Bragg’s diffraction

angle, and is the wavelength of the X-rays employed, which is Cu K radiation (1.5406 Å).

to calculate the FWHM of the sharpest diffraction peak corresponding to the (101) plane

of the g-C3N4 / ZnO nanocomposites, the crystallite sizes (D) of the ZnO nanoparticles

in the g-C3N4 / ZnO nanocomposites were found.[20]

4.0.3 Raman Spectroscopy

The Raman spectra of pristine g-C3N4 ,the unadulterated g-C3N4, the G mode around

at 1590 cm-1 emerging from sp2 C particles and the D mode is showed up around 1340

cm3-1 emerging from sp3 C molecules, which may be ascribed to surface defects and

disarranges[2].
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Figure 4.2: Raman Graph for g-C3N4

4.0.4 Optical Properties

The optical absorption characteristics of the produced samples were assessed using UV–vis

absorption spectra. As shown in Fig. 17, the spectra were obtained in the 300–600 nm

wavelength range. At 466 nm, the bare g-C3N4 sample exhibits a distinctive absorption

peak whereas the bare ZnO sample exhibits a distinctive absorption peak at 390 nm.

Additionally, we note that in the UV–Vis wavelength range, the absorbance of the g-

C3N4/ZnO nanocomposite sample is marginally higher than that of the g-C3N4 sample

that is the absorption peak for g-C3N4/ZnO is 478 nm. When compared to the naked

g-C3N4 and ZnO samples, the absorption character of the g-C3N4/ZnO nanocomposites

increases throughout the visible spectrum.This im- proved light absorption intensity in the

visible range will be beneficial for the photocatalytic degradation process[18].Compared

to bare g-C3N4, the UV–vis absorption spectra of g-C3N4/ZnO nanocomposites show a

progressive shift in absorption maxima. The evaluation of the bandgap energy levels for

the produced materials was made possible by plotting Tauc’s graphs, as demonstrated

using the provided typical Eq:

(αhv)2 = A(hv − Eg)
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where hv is the photon energy, A is the parameter, and is the absorption coefficient. The

indirect bandgap energy values for the g-C3N4 and g-C3N4/ZnO hybrid nanostructures

were found using the Tauc plot between (αhv)1/2 as a function of hv and extrapolating the

straight-line portion to (αhv)2 the direct bandgap energy value for the ZnO nanoparticles

was found using the Tauc plot between (αhv)1/2 a function of h.ZnO and g-C3N4 are found

to have bandgap energy values of 3.32 eV and 2.72 eV, respectively whereas the bandgap

energy of the g-C3N4/ZnO hybrid nanostructures is 2.64 eV. The decrease of bandgap

energy of g-C3N4/ZnO hybrid nanostructures can be ascribed to the effective interaction

between g-C3N4 and ZnO, which has improved the photocatalytic degradation of dye

under vis- ible light irradiation[21].

Figure 4.3: UV - DRS graph for Bulk g-C3N4, bulk ZnO and bulk g-C3N4/ZnO
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Figure 4.4: Tauc’s plot for direct band gap for Bulk g-C3N4,bulk ZnO and g-C3N4/ZnO
composite respectively

SAMPLE ABSORBANCE BAND GAP (eV)
ZnO 390 3.23
Bulk g-C3N4 466 2.72
Calc g-C3N4/ZnO 478 2.64

Table 4.1: Displays the absorbance peak and the band gap for ZnO, g-C3N4 and the
composite
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4.0.5 PL Study

[][] [][]

[][]

Figure 4.5: PL graph for(a) Bulk g-C3N4 (b) calc. g-C3N4 and (c) comparision of g-C3N4

and g-C3N4/ZnO

The PL spectrum absorption intensity of g-C3N4/ZnO composite is significantly lower

than those of pure g-C3N4 and pure ZnO, revealing a decrease in charge carrier recom-

bination for composites[19]. The synthesized samples’ separation and transfer efficiency

of photoinduced charge carriers can be observed using the photoluminescence emission

spectra that result from their recombination.Displays PL emission spectra measured at

room temperature with an excitation wavelength of 325 nm. An intense broad emission

peak is seen in the g-C3N4 sample at around 466 nm, which is the result of photoinduced
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electron-hole pair radiative recombination.

The g-C3N4/ZnO nanocomposite samples, on the other hand, exhibit a sharp decline in

intensity at this wavelength, suggesting that photoinduced electron-hole pair reunion is

successfully blocked.The enlarged photoluminescence spectra of each sample within the

wavelength range of 350–450 nm are shown in the g-C3N4 /ZnO graph. Large band gap

ZnO (NBE) emission is the source of the emission peaks observed in the composites at

390 nm.

The photoluminescence mechanism is described here in order to comprehend the pho-

toinduced charge separation and transfer in the produced photocatalysts. Electrons from

the valence band go to the conduction band, leaving the holes in the former, when the

g-C3N4is activated by an excitation wavelength of 325 nm.After releasing their energy,

the transferred electrons in the conduction band recombine with the holes in the valence

band, producing PL emission.

The g-C3N4 sample’s increased photoluminescence intensity is indicative of a higher rate

of photoindued electron-hole pair recombination. In the case of g-C3N4 /ZnO nanocom-

posites, the photoinduced electrons from the conduction band of g-C3N4 are transferred

to the conduction band of ZnO, as the conduction band edge potential of g-C3N4 (-1.12

eV) is more negative than that of ZnO (-0.2 eV). The holes in ZnO’s valence band moved

to g-C3N4’s valence band in the interim .The recombination process in the g-C3N4/ZnO

composite samples is successfully inhibited by the separation and transfer of charge car-

riers, which results in the observed decreased PL intensity.

The intensity of g-C3N4/ZnO nanocomposite is the minimal among all the composites

indicating that the luminescence is quenched more effectively which in turn suggests the

promoted photoinduced electron-hole pair separation and transfer[20].
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4.0.6 Flourescence

[][] [][]

[][]

Figure 4.6: PL graph for(a) Bulk g-C3N4(left) and Calc. g-C3N4(right) b) Bulk ZnO and
(c) bullk g-C3N4/ZnO and Calc.bulk g-C3N4/ZnO

The phenomenon known as flourescence occurs when a molecule absorbs electromagnetic

radiation, usually from visible or ultraviolet light, and then releases a photon with a

lower energy .A solution was prepared wherein 5 mg of the sample was dissolve in 5ml

of distilled water. The solvent used here was distilled water.these samples when placed

under the flourescences setup ,it was observed that the calcinated g-C3N4 exhibited the

most flourescenes then compared to the other samples.
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4.0.7 Photocatalytic Performance

The generated bare ZnO, bulk g-C3N4 ,calcinated g-C3N4, and Bulk g-C3N4/ZnO and

Calcinated g-C3N4/ZnO hybrid nano structures were tested for their ability to catalyze

photo degradation of MB dye under exposure to visible light. Prior to assessing the pro-

duced samples photo catalytic potential, the MB dye’s adsorption capacity was assessed.

Before being exposed to visible light, the dye solutions containing photo catalyst were

agitated for 60 minutes(that is 15 Minutes of ultra sonication and 45 minutes of magnetic

stirring) in the dark to achieve the equilibrium between adsorption and desorption. The

dye solution was then transferred into the photoreactor chamber and was exposed to light

photons after 60 minutes. Under comparable reaction circumstances to those shown in

the photocatalytic experiment, a control experiment for the photodegradation of MB dye

without a photocatalyst was also carried out.All of the photocatalytic tests carried out in

the presence of photocatalysts were typically conducted under starting dye concentration,

and catalyst dose amounts.

The absorbance of the UV–vis absorption spectral peaks was taken into consideration

while evaluating the Absorbance values of MB dye at different time intervals.here,throughout

the experiment a interval of 10 mins was taken upto 120 minutes. Specifically, the MB

dye’s time-dependent UV–vis absorption spectra are shown, showing how well ZnO, bulk

g-C3N4, bulk g-C3N4/ZnO (50 percent) photo catalysts perform in photodegradation.

As seen in Fig. 23, although apparent degradation of MB dye is reported under visible

light exposure over the pure ZnO and g-C3N4 catalysts, the self-degradation of MB dye

is very low under exposure to visible light in the absence of a catalyst, indicating that

MB dye is significantly stable in the absence of a catalyst under visible light illumination

[22].

It was seen as per the percent Degradation calculations, the MB dye could degrade only

upto 13 percent on its own. Bulk ZnO showed a degradation of 44.49 percent and bulk

g-c3n4 showed a degradation of 50.2 percent.
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Conversely, when g-C3N4/ZnO hybrid nanostructures are present during photocatalysis

tests, there is a significant decrease in the MB dye concentrations.Furthermore, combin-

ing ZnO nanoparticles with g-C3N4 changes the photocatalytic performance of g-C3N4

nanosheets significantly, and the greatest photodegradation efficiency of the g-C3N4/ZnO

(50 percent) hybrid nanostructured photocatalyst is found.

The intensity of the spectral lines has shown a gradually decreasing pattern with increas-

ing irradiation time, as shown in the time-dependent UV–vis absorption spectra of MB

dye. .After 120 minutes of light irradiation, the intensity kept decreasing[23]. It was

discovered that practically all of the MB dye had photo-mineralized into a non-hazardous

substance.Furthermore, it was shown that the ZnO nanoparticles effectively improved the

photocatalytic activity of g-C3N4 nanosheets. Nevertheless, if the ZnO percentage in g-

C3N4 is increased to more than 50 percent, the photodegradation efficiency is observed to

be somewhat decreased[5].

When compared to bare g-C3N4 and ZnO photocatalysts, the enhanced ability to absorb

visible light and the impediment in the electron-hole recombination rate could be the

cause of the rise in photocatalytic performance of g-C3N4 with increasing ZnO content.

The layered structure of g-C3N4 has facilitated the transfer of photogenerated electrons

from g-C3N4 to ZnO due to the creation of heterojunction, and the presence of additional

surface active sites on the g-C3N4 surface boosted the adsorption rate of dye molecules. As

a result, it is established that the g-C3N4/ZnO(50 percent) hybrid nanostructured catalyst

has an extraordinarily high photodegradation performance compared to both pure g-C3N4

and ZnOphotocatalysts and other g-C3N4ZnO hybrid nanostructured photocatalysts.

Although a significant decrease in photodegradation activity is seen with increasing ZnO

content in g-C3N4 nanosheets, this could be because of an increase in bandgap energy and

a reduction in surface active sites brought on by a decrease in g-C3N4 content relative

to ZnO in hybrid nanostructures .Simultaneously,inorder to verify if the calcinated had

any effect on the photocatalytic degradation ,the bulk samples were calcinated and these

samples were also used for the study.As per the percentage degradation calculations, the
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calcinated gg-C3N4 showed 50.2 percent whereas the calcinated g-C3N4/ ZnO Showed the

highest degradation of 90.73 percent.
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Figure 4.7: Photo degradation Graph for(a) MB Dye ,(b) Calc. ZnO , (c) Bulk g-
C3N4,(d)calc. g-C3N4, (e) Bulk g-C3N4/ZnO , (f) Calc. g-C3N4/ZnO
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SR NO. PARAMETERS % DEGRADATION
1. Methylene Blue Dye 13.75
2. 10 mg-g-C3N4(Thiourea,Bulk)-5 ppm 14.39
3. 20 mg-g-C3N4(Thiourea,Bulk)-5 ppm 31.9
5. 100 mg-g-C3N4 (Thiourea,Bulk) 31.80
6. 10 mg-g-C3N4 (Thiourea,Calc) 32.24
7. 100 mg-g-C3N4 (Melamine,Bulk) 39.00
8. 50 mg-g-C3N4 (Thiourea, Calc) 50.4
9. 100 mg-g-C3N4 (Melamine, Calc. ) 52.38

Table 4.2: The various photocatalytic studies that are done by varying various
parameters.

Figure 4.8: Graph of A/Ao versus time (mins)

38



CHAPTER 4. RESULTS AND DISCUSSION

SAMPLE RATE CONSTANT (min -1)× 10 -3 % DEGRADATION
MB 1.11 13.75
Calc. ZnO 6.43 32.24
Bulk g-C3N4 11.05 50.42
Calc. g-C3N4 11.30 52.38
Bulk g-C3N4/ZnO 37.23 88.56
Calc. g-C3N4/ZnO 39.66 92.05

Table 4.3: The Rate Constant and the % Degrdation to the corresponding
Sample.
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Figure 4.9: Colour degradation Graph for(a) MB Dye ,(b) Calc. ZnO , (c) Bulk g-
C3N4,(d) calc. g-C3N4, (e) Bulk g-C3N4/ZnO , (f) Calc. g-C3N4/ZnO
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4.1 Factors affecting photocatalytic Activity

4.1.1 Effect of initial dye concentration

The initial dye concentration is an important factor that plays a vital role in the pho-

todegradation process. Thus, the photocatalytic performance of the prepared optimized

g-C3N4/ ZnO(50 percent) hybrid nanostructured photocatalyst (100 mg catalyst in 10

ppm dye solution) was examined against the degradation of MB dye at various initial con-

centrations changing from 10 to 100 mg/L under the visible light irradiation for 120 min.

the maximum degradation efficiency for MB is determined for the 100 mg/L of initial MB

concentration which was taken as an optimized dye concentration for further degradation

experiments. At a lower initial concentration of dye, the lower efficiency observed might

be due to the less amount of dye adsorbed on the catalyst surface consequently, most of

the surface active sites at the surface of the catalyst remain unoccupied, as a result the

lower degradation efficiency determined. However, at a higher initial dye concentration,

the decrease in the degradation efficiency may be due to the decreasing penetration of

light photons or suppression of the path length of photons At lower initial dye concen-

tration,the lower efficiency observed might be due to the less amount of dye absorbed on

the photocatalyst surface. Most of the surface active sites at the surface of the photo-

catalyst remain unoccupied, as a result causing lower degradation. More amount of dye

causes more intense colour and adversely affecting the dye removal efficiency decreasing

penetration of light into the pollutant.

4.1.2 Effect of catalyst Dose Amount

To study the effect of catalyst dose amount on the photodegradation efficiency of MB

dye under visible light exposure, the dose amounts of the optimized g-C3N4, ZnO and

g-C3N4/ZnO (both bulk and calcinated) catalyst were changed from 10 to 100 mg in

the 10 ppm MB dye solutions. As the dose amount of the catalyst was increased , the

photodegradation efficiency for the MB dye is also found to be increasing At lower amount

of catalyst ,there is a possibility that there are less number of active sites available. When
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the amount of catalyst was increased more than the optimised it further decrease in the

degradation was seen due to the scattering of light photons and also because of poor

penetration.

4.1.3 Effect of Calcination on bulk sample

A common method for creating photocatalytic materials is calcination, which involves

heating a substance to extremely high temperatures. Calcination can have a significant

effect on the photocatalytic activity.

The material’s crystallinity may be enhanced by calcination [6]. Better defined crystal

structures result from increased crystallinity, and this can speed up the charge transfer

procedures involved in photocatalysis.

By eliminating volatiles and impurities, calcination can improve a material’s surface area.

More surface area means that there are more active sites available for photocatalytic

processes.

Calcination can modify the surface chemistry of the material, leading to the formation of

active surface sites or oxygen vacancies, which can promote adsorption and activation of

reactant molecules.

The material may undergo phase changes as a result of calcination, which may result in

the emergence of more active phases or crystalline structures that are more appropriate

for photocatalysis.

By eliminating organic impurities or leftover compounds from the material, calcination

can lower the photocatalytic effectiveness of the material by preventing them from acting

as recombination sites for photogenerated charge carriers.
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4.2 Mechanism

4.2.1 Mechanism of a photocatalyst

After absorbing light, a photocatalyst’s mechanism involves creating electron pairs, which

then produce hydroxyl and superoxide anion radical. These radicals subsequently react

with various organic and inorganic pollutants and transform them into less or even non-

toxic ions. Photocatalytic activity is triggered by a photoeletron being transported from

the filled Valance Band to the empty Conduction Band by irradiation. The energy of a

photon can either match or exceed the band gap of semiconductor photocatalysis. When

the valence band of a semiconductor photocatalyst is irradiated with the conduction

band, holes remain in the valence band.Electrons from the conduction band are absorbed

by oxygen atoms absorbed by surface anions.This superoxide anion reacts with water to

generate OH radicals that are responsible for decomposing pollutants.

4.2.2 Mechanism of g-C3N4 as a photocatalyst

g-C3N4 + hν → g − C3N4 (e- (CB)) + h+(VB))

Photogenerated holes in the valence band react with water to generate . radicals.

H2O(ads) + h + (VB)→ .(ads) + h+

The OH. Radical formed on the surface of the semiconductor are extremely powerful

oxidizing agents.This radical attacks the adsorbed agent molecule or those that are very

much close to the surface of the catalyst.While the photogenerated hole (h+) reacts with

the surface bound water or OH- to produce the hydroxyl radical,e- in the CB is taken up

by the oxygen in order to generate anionic superoxide radical.

O2 + e- (CB) → O-

This superoxide ion doesnot only take part in the oxidation process but also prevent the

e-h- recombination thus maintaining electron neutrality.
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Dye + OH. → CO2 + H2O

Dye + h+ (VB) → OxidationReaction

Dye + e- (CB) Reduction Reaction

4.2.3 Mechanism of g-C3N44/ZnO as a photocatalyst

Upon irradiation of sun light , the e-h+ pairs at the g-C3N4/ZnO heterojunctions are

generated and these pairs migrate to the surface.

g-C3N4/ZnO + h → g − C3N4/ZnO (e- (CB)) + g-C3N4/ZnO(h+(VB))

Then,at the CB of the g-C3N4/ZnO photocatalyst,the photo generated e- reacts with the

adsorbed O2 on the surface to give superoxide radical.

O2 + g-C3N4/ZnO (e- (CB)) → O2
-

The O2
- subsequently reacts with MB dye to produce CO2 and H2O.

The O2
- will then react with the H+ to produce the hydroxyl radical .The hydroxyl radical

will react with the MB dye and give us the degraded products.

H O2
+ + O2

- → OH .

OH. + MB Dye → Degradedproducts

Due to the heterojunction photoexicted e- and h+ are effectively getting separated .The

surface charges will then react with the absorbed H2O and O2 on the photocatalyst surface

to produce the highly unstable hydroxyl radical and superoxide radical which enhances

the dye degradation efficiency[12].
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