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Abstract

The increase of global industrialization has adversely affected the availability of clean water by
introducing various harmful substances such as Organic dyes into the water sources. Since the
addition of different Organic pollutants destroys our environment hence, the need for protecting
our environment has increased day by day. Therefore, there is a dire need to remove these
organic pollutants from water.

Nowadays, a lot of work is done on photocatalysis because of various environmental problems
by using the solar energy source (sunlight). BiFeO3z (BFO) is a multiferroic material and a good
catalyst for photocatalytic activity. The doping of Gadolinium (Gd) and Tin (Sn) into BFO
sample (Bii1.xGdxFei1ySny; BGFSO) also enhanced its catalytic properties. Our research work
comprises of the BFO/MXene and BGFSO/MXene nanohybrid samples. MXene are a class of
2D materials having layers of Transition metals like Titanium and layers of Carbon and Nitrogen
having a Functional group of OH", O and F attached on its surface. The hybrid of BFO/MXene
and (BiixGdxFei1ySny; BGFSO)/MXene were fabricated by co-precipitation method. The
prepared hybrid samples were characterized by different characterization tools like X-Ray
diffraction (XRD), Scanning electron microscope (SEM), X-Ray photoelectron spectroscopy
(XPS), Photoluminescence spectra (PL) and UV-visible spectra. XRD was used for investigating
the phase structure of the prepared hybrid sample. SEM was used for the study of surface
morphology of prepared hybrid. XPS was used for the confirmation of elements present in a
hybrid sample. PL was used for study the electron-hole recombination rate. Band gap and
absorbance spectra were obtained from UV-visible spectra. From the photocatalytic results, it
was observed that the BFO/MXene hybrid sample degraded the 100% acetophenone from a
catalytic solution. Whereas the (Bio.ooGdo10F€095Snoos; BGFO-5Sn)/MXene shows the 38%
degradation of Congo red dye, (Bio.soGdo.ioFeo.s0Sno10; BGFO-10Sn)/MXene and
(Bio.ooGdo.10Fe0esSno.1s; BGFO-15Sn)/MXene  shows the  18%  degradation  and
(Bio.o0Gdo.10Fe0.80SNo.20; BGFO-20Sn)/MXene hybrid sample shows the 100% degradation of
Congo red from catalytic solution only in 120 min, this shows that pure BFO/MXene and (Bis-
xGdxFe1ySny; BGFSO) /MXene hybrid sample are good candidates due to its highest dye

degradation efficiency.



Thesis

The layout of this thesis is as follows:

In this chapter, the general concept of Nanoscience,
Chapter 1 nanomaterials are presented. The introduction of

Bismuth Ferrite (BFO) is also explained.

This chapter includes the literature survey based on
Chapter 2 Bismuth Ferrite (BFO) hybrid with 2D materials.

The third chapter includes synthesis and

characterization of hybrid of BFO/MXene and
Chapter 3 BGFSO/MXene.

The fourth chapter contains the results and
Chapter 4 discussions of BFO/MXene.

The fifth chapter contains the results of
Chapter 5 BGFSO/MXene.




CHAPTER 1: Introduction

1.1. Introduction to Nanotechnology

The study of different materials at the atomic, molecular and nanoscale level are the base of
Nanotechnology. The nanometer scale ranges from 0.1 to 100 nm. One nanometer is one
billionth of a meter (10° m). Therefore, Nanoscience and nanotechnology always deal with
objects of 1 nm in size. The material at nanoscale has optical, electrical and mechanical
properties which are different from the material at a macro scale. The difference in properties at
nanoscale mainly includes the large surface area, large surface to volume ratio and enhanced

quantum confinement effects [1].
1.2. History of Nanoscience and its Technology

Nanotechnology is around us in nature and is found in objects having nanometer regime. The
Richard Feynman gives the concept of nanotechnology in 1959 “There is a plenty of space at the
bottom” [2, 3].

In 1974, the idea of nanotechnology was developed into a scientific world by N. Taniguchi at the
international scientific conference held in Tokyo. The main idea behind it to introduce the
processing of materials with nanometer range and the formation of nanosized mechanisms. In
1986, the E. Drexler put forward the idea of nanotechnology by publishing his book “Vehicles of
Creation, the arrival of nanotechnology era” [4, 5].

In the middle of 1980s and the early of 1990s, a large number of discoveries occurred, and it has
an essential impact on the development of nanotechnology.

In 1991, the program of National Scientific Fund based on nanotechnology started in the USA.
During 1992-1998 the scientific experts in USA organized the session on Nanoscience,
nanotechnology and nanoengineering. The main theme of organizing this session was to enable
us to create new materials having nanometer regime in the future.

In 2000, after the USA the Japanese also put forward his ideas towards the nanotechnology and

its further development.



From 2001 to onwards a lot of research has been done on nanotechnology and on its various
applications [6, 7].
1.2.1. Applications of Nanotechnology

The history of nanotechnology based on integrated chips. In 1947 the first transistor of macro
size was invented. In 2002 the nano size transistor having the dimensions of 90 nm was
developed. But at the end of 2009, a single transistor having dimensions of 45 nm was achieved.

In 1988 Giant Magnetoresistance technology (GMR) also considered the major application of
nanotechnology due to its diversity in various fields. In GMR the electrical resistance of different
materials containing magnetic and nonmagnetic layers of various metals can change by applying
a large amount of magnetic field. The use of GMR in various data storage devices like MRAM is

a great improvement in nanotechnology [8].

1.2.2. Nanomaterials

The materials having the dimensions in the nanometer range 0.1-100 nm are known as
nanomaterials. The enhanced and unique optical, magnetic, electrical, chemical and physical
properties of nanomaterials make them useful than that of bulk materials. Due to these
properties, the nanomaterials have great potential impacts on data storage devices, electronics,

energy, biomedicine, catalytic and water splitting applications [9].

1.2.2. Types of Nanomaterials
The nanomaterials can be in single or agglomerated form having irregular, spherical and tabular

shapes [10]. On the basis of dimension, nanomaterials are of different types like

e Zero-Dimensional
e One Dimensional
e Two Dimensional

e Three Dimensional
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Figure 1.1: Classification of Nanomaterials [11].

1.2.3.1. Zero-Dimensional (0-D)

A material having nano regime in all the three possible directions are known as zero-dimensional
material. Nanoshells and quantum dots are the examples of Zero-dimensional (0-D) nanomaterial
[11].

1.2.3.2. One dimensional (1-D)

A material has two of its three dimensions are in nanometer range and in one-dimension electron
are free to move are known as one dimensional (1-D) nanomaterial. Nanowires, nanorods, and
nanotubes are the examples of one dimensional (1-D) nanomaterial. The lengths of one-

dimensional material are several micrometers, but the diameter is of few nanometers [11].

1.2.3.3. Two dimensional (2-D)

A material having one of its three dimensions is in nanoscale range is known as two dimensional
(2-D) nanomaterials. Nanofilms, nanosheets or nano-walls are the examples of two dimensional
(2-D) materials [11].

1.2.3.4. Three Dimensional (3-D)
A material having all three dimensions are in microscale range is known as three dimensional (3-
D) nanomaterials. These materials are also considered as bulk materials. Nanotubes, nanowires

or nanostructures are the examples of three dimensional (3-D) nanomaterials [11].
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1.3. Properties of Bulk and Nanomaterials

Bulk materials are always studied on the basis of their physical properties like their boiling point,
melting point, bulk density, and conductivities etc. For the nanomaterials the physical properties
are of great interest due to its large surface area and small size that enhances its surface reactivity
and important for its optical emission properties by tuning its band gap through doping. Due to
the optical emission property nanomaterials have various applications like optical sensors [12],
biomedical field [13], and laser and energy storage system [14, 15].

1.4. Multiferroic Materials

Multiferroic materials are those which simultaneously contain ferromagnetic order as well as
ferroelectric order [16]. All multiferroic materials exhibit the perovskite structure. Bismuth
ferrite (BiFeOz) and Barium ferrite (BaFeO3) are the best examples of multiferroic materials due
to its magnetic behavior and the variation in magnetic moments induced the electric polarization
in the structure [17, 18, 19].

Multiferroic

Ferromagnetic == Ferroelectric
Magnetically Electrically
Polarizable Polarizable

Magnetoelectric

Figure 1.2: Multiferroic property

12



1.5. Single Phase Multiferroic Material

1.5.1 Bismuth Ferrite

Amongst the large family of multiferroic materials, Bismuth ferrite (BiFeOs) is the most studied
multiferroic material with the perovskite structure. The simplicity of crystal structure and a
variation in compositions makes the perovskite structures important for the fabrication of

numerous materials [20, 21].

1.5.2 Crystal Structure

All perovskite structures have a general formula (ABO3), where A and B are cations and O is the
anion located in the origin of the lattice. In BiFeO3, Bismuth atoms are located at the octahedral
sites, iron atoms present at B sites surrounded by Oxygen atoms present in all six faces and form
FeOe Octahedral. At room temperature, the bismuth ferrite has rhombohedral distorted
perovskite structure with space group R3c [22]. The rhombohedral structure transforms into the
orthorhombic structure when metals are doped into bismuth ferrite nanoparticles [23]. BiFeOs,
BiMnO3, BaFeOs, TbMnOs etc are the important multiferroic materials belong to the perovskite
family [24, 25].

111]

Figure 1.3: Structure of BFO [24]
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1.5.3. Drawbacks of BiFeOs

Although the Bismuth ferrite has a good ferroelectric and ferromagnetic properties along with
that, it has some drawbacks like the formation of an impurity phase, such as BixFesOy,
BixsFe2039, BizsFe20s7, or (BixsFeOao) etc. These phases arise due to the high electronegativity
of Oxygen atom present in a compound as well as the volatile nature of bismuth at high
temperature [26- 28]. These impurity peaks do not affect the structure and bonding of atoms of a

material but somehow affect the electrical, magnetic and the optical properties of BiFeOs [29].

1.6. Daily applications of Nanomaterials

Nanomaterials have a large number of applications in this advanced world on the basis of
extraordinary and beneficial properties. In this modern era the various applications include
biosensors [30], fuel cells [31], medical field [32], electronics [33], agriculture field [34] etc.

All the multiferroic materials possess various applications in the field of electronics like data
storage devices, spintronic devices, and include energy devices etc. [35]. With the doping of rare
earth elements in Bismuth Ferrite (BFO) the photocatalytic applications and bacterial activity can

be improved.

(Gas sensing : Biological
nanoprobes -~ Nanotechnology sensors

b

Antibacterial ,g*b Photodegradation
activity B8 [ roperties
A Pt o prope
e
Nanoporous A/ TLICATIONS Magnetic capture
sorbents Immunomagnetic separation

Figure 1.4: Environmental Applications of Nano materials.
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1.6.1. Solar Cells

Now a day’s Nanomaterials and their hybrid are used in the production of solar cells based on
the variation in size and its efficiency. Photovoltaic is the most common type of solar cells that
convert solar light into electricity. Semiconductor materials are used in the production of solar
cells because of its tunable band gap that enhances its efficiency and stability than that of bulk

materials.

Figure 1.5: Solar Cells
1.6.2. Nano- Electronic Devices
Nanotechnology brings a great revolution in the field of electronics. In the field of electronics,
the contribution of nanomaterials is not limited, but it increases day by day by reducing the size
of devices like capacitors and transistors etc. So, Nanomaterials and nanoscience are playing an
important role in the diverse field of electronics, such as in data storage devices, ultra-capacitor,
and supercapacitor etc.

e Data Storage Devices

The data storage devices rely on the production of transistors. By reducing the size of
transistors, the data storage capability can be enhanced. All such devices based upon the
concept of spintronics. Giant Magneto Resistance (GMR) and Tunneling Magneto Resistance
(TMR) are the two effects that led to increasing the nonvolatile data storage capacity of hard
disks through ferromagnetism.

e Ultracapacitor or Supercapacitor

Now a day’s nanocomposites of Graphene oxide, reduced graphene oxide and MXene sheets
have used in various applications of energy storage devices like ultracapacitors or

Supercapacitor.
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1.6.3. Catalytic Property and Environmental control

Nanomaterials are also termed as nanocatalysts due to its large surface to volume ratio and
having a large surface area. This property of nanomaterials increases the reaction rate. Metal
oxides are mostly used as a photocatalyst material i.e. TiO,, BFO, and ZnO etc. The
efficiency of the photocatalyst can be enhanced by using hybrid samples i.e the hybrid of
BFO/GO and BFO/MXene etc that enhances the surface area of the nanoparticles because of
the presence of 2D sheets.

Figure 1.6: Nanomaterials as catalysts

1.6.4. Sensing Devices

Nanomaterials also used in various sensing devices like
e Magnetic sensors

e Temperature and in different pressure sensors

e PH sensors

¢ Molecules detecting sensors in the biology field

1.6.5. Microelectronic industry

In the industry of microelectronics, the devices having nanometer range play an important
role due to its small size and large surface area. Mostly capacitors and transistors are
included in the microelectronic industry.

16



1.6.6. Display Screens (TV)

Now a day nanomaterial brings revolution in various display screens. Mostly the
Phosphorous material is used. When the electron beam interacts with Phosphorous screen
then it lights up. In order to obtain the better resolution, the pixel size must be reduced. And
it is possible only if we used nanocrystalline materials like zinc sulphide and cadmium

sulphide. The zinc sulphide and cadmium sulphide are the good Nanocrystals.

1.6.7. Space Exploration
The carbon nanomaterials are used in space shuttles because of its light weight and greater
strength. By using the different hybrid structures the efficiency and strength of spaceships

can be increased.
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CHAPTER: 2 Literature Review

Our research work is comprised of hybrid system that was prepared using Gadolinium (Gd®*)
and Tin doped (Sn**) Bismuth ferrite and undoped Bismuth ferrite with 2D MXene sheets with
their enhanced degradation properties for Congo red dye as well as Acetophenone (colorless
compound). A lot of work has been done on dye degradation using nanoparticles, using 2D
sheets like Graphene and Reduced graphene oxide and their hybrid structures etc. Now a day’s
scientist is working on 2D MXene sheets for its multidimensional properties and its various
hybrid structures that are also understudies.

Shun Li et al in 2009 prepared the BFO nanostructures using the hydrothermal technique. From
the characterization techniques, it was observed that the BFO nanostructures are of small in size
and has an average diameter of 5 nm. The small size of particles enhances the surface area.
Hence it was helpful for improving the dye degradation reaction. The band gap of BFO particles
was also shown to be direct band gap so it enhances the electron and hole recombination time.
The low recombination of charge carriers hinders the fast degradation of dye molecules. In view
of all these factors, the maximum degradation of Congo red takes place in BFO nanostructures.
95% of dye degraded in only 2 hours and shows that the BFO are a good catalyst for other dye
degradations [36].

In 2010, the Renging Guo et al reported the synthesis of doped Bismuth ferrite nanoparticles
using Gadolinium (Gd*") as a dopant atom Bi,-«GdxFeOs (BGFOx, x = 0, 0.05, 0.1, and 0.15) by a
sol-gel method for testing the Rhoda mine-B (RhB) degradation from a catalytic solution
(BGFO). X-Ray diffraction (XRD) shows the crystalline nature of the prepared sample. SEM
used for the study the surface morphology of the sample. With the increase of doping
concentration average particle size going to decrease and enhances its surface area. The greater
surface area allows more adsorption of dye molecules over the catalytic surface. So, 5%
degradation of RhB was observed under dark experiment whereas 94% degradation of RhB

occurred using BGFOx=0.15 in the presence of visible light [37].

18



Jian He et al in 2013 give a report on the synthesis of BFO nanoparticles by a simple and easy
sol-gel method. Bismuth ferrite (BFO) is a good multiferroic material. Different fabrications
used for the confirmation of prepared nanoparticles like XRD, SEM, Raman measurement and
UV-visible spectroscopy. The BFO nanoparticles were used for the examination of dye
degradation activity. The size of nanoparticles effects the functionality of photocatalytic activity.
In the present reported work, the Rhodamine B dye degraded from a solution. 15% degradation
of Rhodamine B was reported in 180 minutes using visible light [38].

Sakar Mohan et al in 2014 have also fabricated the Gadolinium (Gd*" doped Bismuth ferrite
(BFO) nanoparticles by simple sol-gel method. From XRD it was clear that the particle size
going to decrease with the increase of doping concentration of Gadolinium (Gd**"). A SEM result
shows that upon doping the shape of BFO nanoparticles changes for irregular to spherical shape.
Gadolinium being a magnetic material enhances the magnetic properties of BFO nanoparticles.
The prepared nanoparticles used for degradation of Methylene blue (MB). It was observed that
by increasing the doping concentration of Gadolinium the bandgap going to be reduced from
2.38 e.V to 2.29 e.V. The tuning of bandgap increases the dye degradation process so using
visible light the 90% degradation of Methylene blue (MB) takes place in 4 hours [39].

Syed Irfan et al in 2017 studied the Samarium (Sa) and Manganese (Mn) doped Bismuth Ferrite
(BFO) with different concentrations of Manganese (Mn) having doping formula of Bii.xSmyFe:-
yMnyO3 (BSFMO, x=0.0, 0.05; y=0.0, 0.05, 0.10, 0.15, 0.20, 0.25). The BSFMO nanoparticles
were synthesized by sol-gel technique. Different characterizations were performed for study the
structure and morphology of nanoparticles like XRD, SEM etc. By increasing the doping
concentration of Sm and Mn the crystallite size decreases from 57.3 nm to 17.2 nm. The band
gap tuned from 2.08 e.V to 1.45 e.V because of the formation of forbidden energy levels upon
the incorporation of dopant. SEM results reveal the irregular shape of doped nanoparticles. The
prepared nanoparticles used for testing the organic dyes i.e. Methylene blue, Methyl violet and
Congo red. Using visible light 65% of Methylene blue, 64% of Methyl violet and 97% of Congo

red degradation took place from a dye and catalytic solution within 2 hours [40].
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Syed Irfan et al in 2017 also synthesized the Tin (Sn**) and Gadolinium (Gd**) doped Bismuth
ferrite (BFO) nanoparticles with different concentrations of Tin (Sn**) having concentration
formula of Bii-xGdxFe1-ySnyOz (BGFSO; x = 0.0, 0.01; y = 0.0, 0.05, 0.10). The BGFSO
nanoparticles prepared by sol-gel method and used for checking the degradation activity of
Congo red, Methylene blue and Methyl violet. From XRD results the confirmation of crystalline
nanoparticles was predicated. The average particle size calculated using Debye Scherrer’s
equation was found to be 60 nm, 18 nm, and 22 nm. SEM results show the irregular shape of
particles. The band gap calculated using the Tauc plot was estimated to be from 2.10 e.V to 2.03
e.V. The doped nanoparticles behave as a catalyst for the degradation of dye molecules from a
solution. 44% degradation of Congo red, 40% Methylene blue and 19% degradation of Methyl
violet were takes place using BFO nanoparticles, whereas a large amount of dye degradation
(95% Congo red, 95% Methylene blue and 64% Methyl violet) takes place using BGFO-5Sn
nanoparticles [41].

Syed Irfan in 2017 et al have also reported on Lanthanum (La%*) and Selenium (Se**) co-doped
Bismuth ferrite (BFO) nanostructures. The simple sol-gel technique was used for the fabrication
of co-doped BFO structures. Different characterization was performed for the confirmation of
prepared nanostructures, but the important one was the UV-visible spectrometer used for
checking the absorbance and degradation of Congo red and Acetophenone from dye solution.
82% of Congo red and acetophenone degradation takes place in 50 minutes under visible light.
Although it is very difficult for acetophenone to degrade because of its stable structure the good
photocatalytic results were estimated to be because of low crystallite size (123 nm to 80 nm),

large surface area, tuneable bandgap and low electron-hole recombination [42].

Christelle pau ping pong et al in 2015 checked the degradation of Remazol Black B (RB5) using
RGO. RGO nanoparticles were fabricated using a chemical reduction method of GO and GO was
prepared by Hummer method. The nanoparticles of RGO were confirmed by different
characterization techniques i.e. X-Ray diffraction (XRD), Scanning electron microscope (SEM),
Raman and UV-visible spectrophotometry. XRD results show the peak at 24.1° and this peak
corresponds to the RGO peak. It was observed that 56% of RB5 degraded from RGO solution
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under visible light in only 60 minutes. This confirms that RGO also behaves as a catalyst for

photocatalytic activity [43].

Yongye Liang et al studied in 2010 the TiO2/GO hybrid sample that was synthesized by
hydrothermal method. The prepared hybrid sample was used for dye degradation activity of
Rhodamine B. The confirmation of the prepared hybrid was estimated from XRD and SEM
results. The hybrid of TiO./GO plays an important role in the photocatalytic activity. The 100%
degradation of Rhodamine B reported in only 20 minutes under ultraviolet (UV) light [44].

Yongsheng Fu et al in 2012 prepared the Copper Ferrite/Graphene Oxide (CuFe204/GO) hybrid
by two step hydrothermal method. The copper ferrite is a good magnetic material as well as a
good photocatalyst. The combination of copper ferrite with graphene oxide makes a dramatic
enhancement in the properties of copper ferrite material. The hybrid sample was used for testing
the degradation of Methylene blue (MB) used as a pollutant in a catalytic solution. The prepared
solution was irradiated with visible light. It was observed that 100% degradation of Methylene
blue (MB) takes place in 4 hours using a different concentration of Graphene in (CuFe204/GO)
hybrid sample [45].

Zhuoxuan Li et al in 2014 fabricated the BFO/GO hybrid using hydrothermal treatment for
testing the degradation of Congo red under visible light irradiation. The structure and
morphology of the prepared hybrid were determined from XRD and SEM. The crystalline nature
of BFO/GO hybrid confirmed from XRD with an average crystallite size of 100 nm. SEM results
show that the BFO nanoparticles attached on GO sheets. The tuning of bandgap was from 1.78
e.V to 2.24 e.V also helpful for improving the photocatalytic activity. The formation of chemical
bonding between the elements of BFO nanoparticles and graphene oxide sheets (GO) was
confirmed from XPS. The hybrid of BFO/GO was used for study the photocatalytic activity. The
hybrid used for checking the degradation of Congo red dye from catalytic solution. It was
observed that 48% degradation of Congo red reported under visible light in only 120 minutes.
The obtained result was very close to the degradation result of Congo red using pure BFO

nanoparticles [46].
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J. F. Dai et al in 2013 also fabricated the BFO/GO hybrid structure by a simple sol-gel method.
The photocatalytic degradation activity of Methyl Orange (MO) dye was reported using the
visible light source. It was observed that 55% degradation of dye from a hybrid solution in 5
hours takes place. The result of dye degradation in case of BFO/GO was highly improved and
better than the pure BFO nanoparticles used for degradation of Methylene Orange (MO) [47].

Huajun Sun et al in 2014 synthesized the Bi2FesOo/RGO hybrid by hydrothermal treatment.
Different characterization was performed for the confirmation of hybrid i.e. XRD, SEM, Raman
and UV- visible etc. The prepared hybrid used for Methyl violet degradation from a catalytic
solution. 95% Methyl violet degradation was reported using visible light in 180 minutes. This
indicates the enhanced catalytic properties of BioFesOg with the incorporation of RGO [48].

Aiwu Sun et al in 2013 fabricated the hybrid of BixsFeO40/GO by a single step hydrothermal
method. The confirmation of prepared BixsFeOs/GO hybrid was analyzed by various
characterization tools (XRD, SEM, EDX, XPS and UV-visible etc). The prepared hybrid sample
was used for testing the photocatalytic activity of Methylene blue (MB) under visible light
irradiation. It was noted that 65% of Methylene blue was degraded from a solution using
BixsFeO40/GO catalyst in only 180 minutes [49].

Xingang Zhang et al in 2015 investigate the novel metals hybrid i.e. Ag/BFO and Au/BFO that
was synthesized by sol-gel method. The confirmation of prepared hybrid samples was
determined by the XRD and SEM techniques. The obtaining hybrid sample was highly
crystalline in nature. Ag/BFO and Au/BFO hybrid samples were used for the degradation of RhB
under visible light from an aqueous solution. The Ag/BFO sample degraded the 32% of RhB in 7
hours under visible light whereas the Au/BFO degraded the 15% RhB in 7 hours [50].

Huidan Lu et al in 2015 studied the nanocomposites of Ag/BFO fabricated by a sol-gel process.
The Ag/BFO nanocomposite characterized by different characterizations tools i.e. XRD, SEM,
TEM, UV-visible spectroscopy. The XRD results show the highly crystalline nature of
nanocomposite with a particle size of 20 nm to 50 nm. From SEM results it was clear that Ag

particles loaded on BFO nanoparticles. The loading of Ag nanoparticles with BFO nanoparticles
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enhance the catalytic properties of a nanocomposite. The nanocomposites used for the
photocatalytic activity of Methyl Orange (MO). The 9% Methyl Orange (MO) degraded from the
catalytic solution under dark experiment whereas 85% of MO degraded with visible light in only
90 minutes. The degradation results indicate that Ag/BFO nanocomposite is a good catalyst than
that of pure BFO because of its highly enhanced magnetic properties, large surface area and low
band gap [51].

M. Humayun in 2016 reported the TiO./BFO nanocomposite synthesized by wet chemical
process. The nanocomposites play an important role in enhancing the separation of charge
carriers and promote the dye degradation activity. The prepared nanocomposite as a
photocatalyst used for the degradation of acetaldehyde and phenol and it was observed that the

70% degradation of acetaldehyde and phenol in only 1 hour [52].

O. Mashtalir et al in 2014 work on the 2D MXene sheets also known as transition metal carbides
and nitrides with the different functional group attached on its surface. It was observed that
MXene sheets undergo high adsorption and degradation activity, so it is also a good catalyst for
photocatalytic activity because of its large surface area. It was used for the degradation of
Methylene blue (MB). It degraded the 62% Methylene blue (MB) using visible light in 6 hours
[53].

Chao Peng et al in 2016 synthesized the TiO2/TisC> hybrid structure by using the approach of the
hydrothermal method. The large surface area and porous nature of TizCz sheets with TiOz help
out in order to enhance the photocatalytic activity. The prepared hybrid structures used for
degrading the Methyl Orange (MO) dye from a catalytic solution. It was noted that 100%
degradation of Methyl Orange (MO) observed in 50 minutes using ultraviolet light. The high
photocatalytic activity was estimated to be because of low electron-hole recombination due to

the incorporation of MXene sheets as well as large surface area [54].

Yupeng Gao et al in 2015 also synthesized the hybrid of TiO2/Ti3Cz by hydrothermal method and
reported the photocatalytic activity. The confirmation of the prepared hybrid was illustrated from

XRD and SEM results. From XRD results the pure crystalline nature was observed whereas the
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SEM results show the presence of TiO2 nanoparticles on MXene sheets. MXene sheets having
large surface area play an important role in the adsorption of dye molecules over it. The
fabricated hybrid sample was used for testing the photocatalytic activity of Methyl Orange (MO)
in ultraviolet light. It was observed that 98% Methyl orange degraded in only 30 minutes [55].
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CHAPTER: 3 Synthesis and Characterization Tools

Apparatus and synthesis procedure

3.1 Apparatus used

The apparatus used during chemical etching of MAX powder as well as the synthesis of doped
and undoped Bismuth Ferrite (BFO) nanoparticles and their hybrid formation with MXene sheets
are the following;
» Weight balance
Hotplate
Sonicator
Vacuum drying oven
Petri dish
Beakers

Glass rod stirrer

YV V. V V V V V

Whatman filter paper (0.2um)

3.2 Chemicals
Bismuth nitrate pentahydrate (Bi(NOs)3.5H20), Iron nitrate (Fe(NOz)3.9H.O), Gadolinium

nitrate, Tin powder, Ethylene glycol (C2HsO), Acetic acid (C2H0O2), Hydrofluoric Acid (39
wt%), TizAIC, (MAX Powder), Deionized water, Ethanol, Distilled water, Etched MXene

powder.

3.3 Synthesis route of 2D MXene sheets

The MXene sheets were prepared by chemical etching of MAX powder (TizAlC). Take 10 gram
of MAX powder and dissolved it in 200 ml of 39% concentrated Hydrofluoric acid (HF) acid in
a Teflon bottle. A Teflon bottle was placed on a magnetic hot plate for the magnetic stirring of
about 36 hours at room temperature. After 36 hours the hot plate was turned off for 10 hours and
further stirring for 14 hours. The stirred solution was put into a beaker and washed it several

times with de-ionized water (DI) and check out the PH of the solution after each washing. After
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several items of washing the powder solution was filtered out and dried it in a drying oven for 24
hours at 50 °C, finally, the drying powder was the etched MXene [54, 55].

MAX Etching Flow Chart:

39 wt%
-rlg.AIcz. - Hi‘drnﬂuu:icﬂ Magnetic stirring in

Acid Teflon container, at
room temperature
for 60 hours

Washed with DI

Vacuum dried, at 50 °C
=r'- for overnight

water e}
l Filter the solution several times .

J._' [ jmn
MXene
Powder

3.4 Synthesis of Gadolinium and Tin doped BFO nanoparticles

The Gadolinium (Gd®*) and Tin (Sn**) doped BFO nanoparticles were synthesized by sol-gel
method. The dopant formula for Gd and Sn-doped BFO are Bii xGdxFe1-ySnyOs (x=0.10; y=0,
0.5, 0.10, 0.20). The Bismuth nitrate and Gadolinium nitrate powder were added into the
solution of acetic acid and ethylene glycol having a molar ratio of 1:1. The prepared solution was
stirred using a magnetic hot plate for 2 hours at the temperature of 60 °C. Meanwhile, the Iron
nitrate and Tin powder were mixed in an acetic acid and ethylene glycol solution and stir it under
the same conditions used for Bismuth ferrite and Gadolinium. Then both prepared solutions
mixed together and again undergo the stirring for at least 2 hours at 40 °C. Finally, a reddish-
brown solution was obtained having precipitates at the bottom of the beaker. The solution was
washed with deionized water and after that dried it in a drying oven for 24 overnight at 60 °C and
calcined it 3 hours at 600 °C. The final product was the doped BFO powder [37, 39].
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Gd, Sn-doped BFO Synthesis Flow Chart:

[ Gd Nitrate ] [ Bi Nitrate ]

[ Fe Nitrate ]
\ ‘L \l' J Tin powder ]

Dissolved in acetic acid

\ Dissolved in acetic acid
Stir 90 mi v
[ LA e } { Stir 90 min }

[ Both solutions mixed and stir ]

[ Dried overnight at 60 ]

W

[ Calcined at 600 0C for ]

3.5 Synthesis of BFO/MXene hybrid and Gd and Sn-doped BFO

(BGFSO/MXene) hybrid
The hybrid of doped and undoped BFO with MXene was synthesized by simple Co-precipitation

method. The solution of BFO nanoparticles was prepared in an acetic acid and ethylene glycol
that act as a catalyst and solvent respectively. The solution of ethylene glycol and acetic acid
were of equal molar concentration (0.01 M). The solution containing BFO nanoparticles were
sonicated for 2 hours at 50 °C until a homogeneous solution was obtained. On the other side add
required amount of MXene sheets into deionized water and sonicate it for 5 min. After that, both
solutions were added together and again sonicate it for 30 min. A gray color solution was
obtained after mixing then the solution was stirred magnetically with the help of a magnetic

stirrer for 2 hours at 80 °C. Rinse the solution with deionized water and filter it with the help of
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vacuum filtration pump. The obtained powder after filtration dried in an oven for 24 hours at 50

°C. Similarly, the other hybrid samples were also prepared by the same technique and process.

FerritessMXene Synthesis Flow Chart:

Aceticacid Ethylene

MXene
Powder

N\

Deionized Water
glveol Wash and
Filter the
solution and
dried in an
oven for24
hours at50°C

Stirritfor
2h at60
*C

3.6 Characterization Tools

Different characterization tools are used for study the phase identification, surface morphology,

elemental and chemical composition, band gap, electron and hole recombination and degradation

efficiency of dye from a catalytic solution. Following are the main characterization tools used for

measuring the different parameters of prepared hybrid samples.

X-Ray Diffraction (XRD)

Scanning electron microscope (SEM)

UV-vis-spectrometer

Spectro fluorometer- PL (Photoluminescence spectroscopy)
X-Ray photoelectron spectroscopy (XPS)

Photocatalytic measurement
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3.6.1 X-Ray Diffraction (XRD)

XRD wused for phase identification and structural analysis of various materials. It is a
nondestructive technique. This technique also used for the determination of lattice constant,
interplanar distance, crystallite size using Scherrer formula, the volume of the unit cell and all
other parameters related to the structure of the material.

Basic Principle:
X-Ray diffraction (XRD) works on the principle of Bragg’s law. The interaction of a
monochromatic radiation with the material produced the constructive interference and satisfied
the Bragg’s condition

nA = 2dsinf (1)
Where,
n= positive integer
A= Wavelength of incident light
d= Interplanar distance
0= Scattering angle
A sample placed on the specimen and the detector rotated at an angle of 26 in order to record the
diffraction beam scattered at all sides. A peak appeared only when the Bragg’s condition is
satisfied. From the peaks of the sample, we determined that either the material is crystalline or

amorphous.

incident beam , diffracted beam

I
1
1
I
I
I
I
I
I
I
I
I
1
1
I
I
I
y

crystal lattice

Id-spacing

Figure: 3.1 Braggs Law [57, 58]
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Experimental Arrangement

The beam of X-Rays is produced when a tungsten filament is heated by applying a voltage. The
emitted electrons produced by heating tungsten filament are accelerated towards the anode and
after striking with the target metal these electrons have enough energy to knock out the core-
shell electrons of the target sample and hence X-Rays are produced. Mostly CuKa radiations are
used for XRD analysis because of its high energy 8048 eV as compare to other radiations i.e.
MgKa, AlKa etc [57, 58].

Heated flament Electrons are accelerated

emits electrons by by a high voitage
thermionic emission

e T N—

e Copper rod for

R heat dissipation
Glass envelope ’§: %
N § A

§ % % x-rays produced when

high speed electrons
hit the metal target.

Figure: 3.2 X-Ray Generation phenomena [57]

3.6.2 Scanning Electron Microscope (SEM)

Scanning electron microscope (SEM) is a microscopic technique used for study the surface
morphology of the sample. A high electron interacts with a sample placed on the specimen after
interaction it gives different signals that are recorded by a detector. The recorded signals help out
to study the morphological analysis of the sample. The resolution power of SEM was estimated
to be 1 nm [59].
Components of SEM instrument
Following are the components of SEM apparatus

e Electron gun

e Electromagnetic lens
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Magnetic scanning coils

Sample holder

e Detectors
e Computer
Electron Electron Gun
Bedam
T h Anode
‘ ‘ M agnetic
a1)[[][[][LLH | -— ans
To TV
scanner
Scanning
Al [l
—_— T Seconda
W| Electronw
b Detector
Specimen
Figure: 3.3 SEM Construction [59]
SEM Working
> In SEM the electron gun is used to produce the beam of electrons and directed it onto the
sample.
» The electromagnetic lens used to focus the electron beam onto the target material.

Scanning coils used to control the beam of an electron by applying a magnetic field with

carrying current in the scanning coils that contains solenoids in it.

A sample is placed on the sample holder having a flat surface.
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> In SEM different type of detectors (Secondary and backscattered electron detector) used
for detecting the signals generated upon the interaction of electron beam with the sample.
» The detecting signals display on the computer screen.

EDXS (Energy dispersive X-Ray spectrometer)
The EDXS technique is used for the elemental identification of the sample. A SEM instrument
attached with EDXS system for performing the material compositional analysis. It is also used

for estimating the ratio of elements present in a sample or compound.

3.6.3 UV-vis-spectrometer

It is a technique used for the measurement of electromagnetic radiations absorbed into a material.
The range of these radiations according to its energy is Ultraviolet (100 nm-400 nm), Visible
(400 nm-700 nm) and infrared lie above 700 nm. The vacuum condition must be achieved for
measuring the UV-vis spectrum of the sample.

Principle

It works on the principle of Beer-Lambert law. The Beer-Lambert law states that when a
monochromatic light can pass through a solution then the light absorbed into a solution is
directly proportional to the concentration of the solution as well as path length of the cuvette.

ab=orbing sample of

I, concentration c I

‘ -

~a— path length b —=

Figure: 3.4 Beer-Lambert Law [60]
Mathematically the Beer-Lambert law states that
A= ecl (2)
A= Absorbance of light
e= Absorptivity
C= Concentration of solution

I= Path length of solution
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Working and Experimental setup

Figure: 3.5 A set up of UV- visible spectroscopy [60]

A monochromatic beam of light focused on a prism that acts as a diffraction grating and allows it
to split the beam into different wavelengths of light. The beam splitter also split the beam into
two beams. One beam is passing through the sample cell and other beam passing through the
reference solution. The intensities of both beams measured by a detector and it confirmed that
the light passing through a sample cell has low intensity whereas light passing through a sample
solution are of high intensity because of more absorption of light into a solution due to the
presence of large no. of molecules in it that absorbed a large amount of light for undergoing the
transitions [60, 61].

Bandgap using Tauc plot
The band gap calculated using Tauc plot with the help UV absorbance spectra using the UV-

visible spectrometer. The expression for the Tauc plot is as follows [40]:

(ahv) "= A (hv-Ey) (3)
Whereas,
o = Absorbance
h= Planck’s constant

A= Proportionality constant
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v = Frequency of vibrations

Eg= Band gap energy

n= Nature of optical transitions

Moreover n= 2 for directly allowed transitions and n= % for indirect allowed transitions. For
direct Band gap, a plotting occurs between hv and (ahv)? and a straight line is obtained whereas
for the determination of indirect band gap a graph between hv and (ahv)* is plotted. After that,
the straight line was extra plotted towards the x-axis and a point at which this line meets with x-

axis gives the band gap value [62].

3.6.4 Photoluminescence spectra (PL)

Photoluminescence (PL) spectra are a technique associated with the recombination of electrons
and holes.

Principle

Photoluminescence (PL) works on the principle of transition of electrons from the conduction
band (CB) to the valence band (VB). When electrons interact with holes then the loss of energy
takes place, this loss of energy is in the form of radiations emitted from the surface of the
material and generates luminescence. The emitted radiations collected by the detector and it

generates Photoluminescence spectra on screen [63].

excited
_states
/TN o
nonradiative
. relaxation
——= __________ conduction
——— —— band
excitation
photon =
L=t]
i i L eV aVaVasS
s
= luminescence
-
5 photon
%
valence
. band
electrons

Figure: 3.6 PL Principle [63]
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3.6.5 X-Ray photoelectron spectroscopy (XPS)

X-Ray spectroscopy is a nondestructive technique used for study the surface chemistry as well as
elemental identification of a material. In XPS the X-Ray photons with an energy of 200-2000
e.V used for the emission of photoelectrons form material surface. The energy of the excited
photoelectrons helps in determining the elemental ratio of compound [64].

Principle

©_0

Light
IS Electron

SrmilsSion

E}@ @ ©
0O G 06

Figure: 3.7 XPS Principle [64]

It works on the principle “Photoelectric effect”. The interaction of light rays with the target
material transfer its energy to the electrons of the material and as a result, after getting energy the
electrons knock out from material surface and give the information about the binding energy

(e.V) as well as the kinetic energy (e.V).

3.6.6 Photocatalytic degradation activity

For the degradation of various organic dyes, a photocatalytic activity was performed using UV-
visible spectroscopy. The experimental method used for the photocatalytic activity was based on
the catalyst and dye solution. The 100 mg catalyst powder (hybrid sample) was added into 100
ml of the dye solution and stirs it for 10 minutes. After that, the solution was kept in a dark place

for checking the degradation of dye under dark effects. Then the light was irradiated on the
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solution for speed up the degradation reaction. Different wavelengths of light can be used in
reaction i.e. ultraviolet light (100 nm-400 nm) as well as visible light (400 nm-700 nm). In
present work a Xenon lamp of 300 W used as a visible light source for generation of charge
carriers. Make sure that the distance between the solution and the light generated lamp must be 5
cm for good catalytic results. After 30 minutes a small amount of solution was taken out and
centrifuged at speed of 7000 rpm. Characterize the centrifuged sample through UV-visible
spectroscopy for checking the dye absorbance and its degradation from a catalytic surface. The

Process will be repeated several times until a dye color discharges.
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CHAPTER 4 Results and Discussion-I

4.1. Part A: BFO/MXENE Hybrid

4.1.1. X-Ray Diffraction (XRD)
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Figure 4.1.1. (a) X-Ray diffraction (XRD) of Pure MXene, (b) Pure BFO and BFO/MXene
hybrid.

The XRD pattern of pure MXene is shown in Figure 4.1.1 (a). It is to be mentioned that the main
peaks of MXene are of 002, and 004 planes. The peak at 9.38° indicates the removal of
Aluminum from its MAX compound because the peak shifted from 9.7° towards lower angle
9.38° due to the increase in interplanar distance between the planes. The peaks at 9.4° and 19°
correspond to the (002) and (004) planes [53, 54]. Whereas the intensity of the peak at an angle
of 39° strongly reduced due to crystallinity and structural loss that takes place due to etching of
Aluminum [53,54]. Figure 4.1.1 (b) shows the XRD of BFO nanoparticles and BFO/MXene
hybrid. The peaks of BFO/MXene hybrid are broadened as compare to BFO nanoparticles due to
the incorporation of MXene sheets that has lower periodicity after Aluminum etching [65]. The

particle size of pure BFO and BFO/MXene hybrid are of 60 nm.
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4.1.2. Scanning electron microscope (SEM)

The SEM images of Pure MXene and BFO/MXene hybrid are shown in Figure 4.1.2 (a, b) and
the BFO/MXene hybrid shown in Figure 4.1.2 (c, d), respectively. In Figure 4.1.2 (a, b), it is
shown there is a clear splitting seen in the MXene sheets after removal of Aluminum between the
sheets. Figure 4.1.2, (c, d) shows that the BFO particles are attached to the MXene sheets rather
than to penetrate it. The attachment of BFO nanoparticles on MXene sheets is a surface
adsorption phenomenon. The attached BFO nanoparticles are irregular in shape and are spread
on MXene sheets.
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y
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Figure 4.1.2. (a, b) show the morphology of etched MXene sheets, (c, d) show the morphology
of BFO/MXene hybrid.
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4.1.3. Energy Dispersive X-ray spectroscopy (EDXS)

Figure (4.1.3) shows the EDXS analysis of Pure MXene. It can be clearly seen that the Titanium
(Ti), Carbon (C) with Oxygen and Fluoride functional group attached are present and the
Aluminum (Al) signature due to partly etching of Ti3C2 from Ti3AlC2 powder observed in
Figure 4.1.3. The platinum element is due to the platinum coating before the EDXS analysis of
the sample.

kel

Figure 4.1.3. EDX of MXene

4.1.4. X-Ray Photoelectron Spectroscopy

Figure 4.1.4 (a) shows the survey spectrum of BFO/MXene hybrid. The survey spectrum
indicates the presence of Bi, Fe, O, Ti and C in the prepared sample. Figure (b) shows that the
peaks at 158 e.V and 164 e.V correspond to the Bi®* peaks and there is no chemical shift takes
place in case of Bi** element. Figure (c) shows the peaks of Fe 2p. The peak appeared at 710 e.V
and 716 e.V are the Fe 2ps2 and Fe2pi» peak whereas the peak appeared at 724 e.V are the
Fe,O3 peak with greater binding energy as compare to Fe*® metallic peaks. Figure (d) shows that
the peak at 532 e.V was the surface adsorbed Oxygen atom peak. The peaks of Titanium shown
in Figure (e) are also at its exact position. The peak at 465 e.V was the Titanium oxide peak
(TiO2) and the two peaks appeared at 455 e.V and 462 e.V was the Ti 2ps2 and Ti 2p12 peaks
having an Oxidation state of (+4) [66, 67]. In Figure (f) the peak at the position of 284.8 e.VV was
the C-O peak [68].
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Figure 4.1.4. XPS analysis (a) Survey spectrum of BFO/MXene (b) Bi 4f core levels (c) Fe 2p
core levels (d) O 1s core levels (e) Ti 2p core levels (f) C 1s core levels.
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4.1.5. Photoluminescence Spectra (PL)
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Figure 4.1.5. PL spectrum of BFO and BFO/MXene

Figure 4.1.5 shows the PL spectrum of pure BFO and BFO/MXene hybrid. The red peak
indicates PL spectra of pure BFO and black peak shows the PL spectra of BFO/MXene. From PL
spectra it is observed that the peak of high intensity corresponds to large electron-hole
recombination rate whereas the lower peak intensity shows the low electron-hole recombination
[68]. The pure BFO contains large electron-hole recombination hence, fewer radicals (OH", O2)
are produced for dye degradation and it lowers the photocatalytic activity. On the other hand,
BFO/MXene shows low electron-hole recombination hence more radicals will be generated
which enhance the dye degradation activity. The lower electron-hole recombination in the case
of BFO/MXene is due to the presence of MXene sheets that provide a path for electrons to

preside over its surface and thus, enhance the electron-hole recombination time.

4.1.6. Photocatalytic activity

4.1.6.1 Photocatalytic process for Dye Degradation

The photocatalytic process for dye degradation depends upon the generation of charge carriers

upon light irradiation, reduction of electrons and oxidation of holes. The whole photocatalytic
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process for dye degradation using BFO/MXene is shown in Figure 4.1.6. Figure 4.1.6, visible
light interacts with the surface of BFO/MXene that generates electrons and holes. The electrons
reached to the surface of a catalyst (BFO/MXene) and interact with the adsorbed Oxygen and
reduce it into superoxide radicals (O2-); holes, on the other hand, react with water (H20) and
reduce it into hydroxyl radicals (OH"). The O,  and OH" radicals are highly reactive species, both
react with dye molecules and degrade it to give the end products (CO2, & H20). The

photocatalytic process in the form of the equation is given below [41, 42]:

BFO-MXene + hv — e— + h* 4
e— + MXene — e— (MXene trapping Sites) (5)
e— (MXene trapping sites) + Q2 — O~ (6)
h* + H.O — *OH" (7
*OH™+ Dye Molecules— CO2+ H,O (8)
*02~ + Dye Molecules— CO- + H20 9)
oy i ’ -
b ' | { ;fl BFO nanoparticles

14 .

F Y
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O, Oy () OO
o e
OH +01 + DYE s— H;O +C(7
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Figure 4.1.6. Photocatalytic process for Dye Degradation
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4.1.6.2 Photocatalytic Activity of BFO/MXene

For the measurement of the photocatalytic activity of BFO and BFO/MXene the UV-visible
spectrophotometer technique was used. The absorbance spectra for dye degradation at different
times and photocatalytic activity of BFO/MXene are shown in Figure 4.1.7.
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Figure 4.1.7. (a) The absorbance spectra of BFO/MXene shows the degradation efficiency of
dye from solution at the different time (b) Photocatalytic degradation efficiencies of
Acetophenone in the presence of BFO/MXene photocatalyst under dark experiment (c)
Photocatalytic degradation efficiency of Acetophenone in the presence of BFO/MXene under
light experiment.

Figure 4.1.7 (a) shows the degradation efficiency of acetophenone dye at a different time. With
the passage of time the dye degraded from the catalytic solution because the concentration of dye
molecules into the solution going to decrease hence less light interacts and absorb into dye

molecules and show the degradation of dye from a solution by the decrease of peak intensity, and
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a time comes when dye completely degrade from the solution and peak intensity reduced
abruptly. At 0 minute the maximum concentration of dye molecules observed by the highest
peak intensity but with the passage of time the peak intensity reduces and at 140 minutes the
sharp reduction of peak intensity takes place, this is the clear indication of dye degradation from
a catalytic solution.

The dark and light experiments were performed for the photocatalytic activity. A dark
experiment was performed for the more adsorption of dye molecules on the surface of the
catalysts and it shows 60% degradation of acetophenone under dark effect from the solution and
shown in Figure. 4.1.7 (b). In dark the degradation of dye occurs because of the functional
groups attached to MXene sheets. These functional groups provide reactive sites for degrading
the molecules. When the catalyst surface was irradiated with visible light having a suitable
wavelength then the photocatalyst causes to break down the acetophenone and it was completely
degraded from the solution in about 140 minutes, as shown in Figure. 4.1.7 (c). The
acetophenone is difficult to degrade as compared to other dyes like Congo red (CR) and methyl
violet etc due to the highly stable benzene ring in its structure. The complete degradation rate of

acetophenone was almost due to the enhanced properties of BFO/MXene hybrid formation.
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CHAPTER S Results and Discussion-11

5.1. Part B: Sn and Gd-doped BFO (BGFSO/MXENE) Hybrid

5.1.1. X-Ray Diffraction (XRD)
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Figure 5.1.1. X-Ray diffraction (XRD) of Bi1xGdxFe1,SnyOs (x=0.1, y=0.0, 0.05. 0.10,
0.20)/MXene hybrid.

10 2

o

The XRD peaks of hybrids of (BioooGdoioFeossSnoos; BGFO-5Sn)/MXene,
(Bio.90Gdo.10F€0.90Sno.10; BGFO-10Sn)/MXene, (Bio.goGdo.10F€0.85Sho.15; BGFO-15Sn)/MXene
and (Bio.20Gdo.10F€0.80SNo.20; BGFO-20Sn)/MXene are shown in Figure 5.1.1. All the (hkl) peaks
of BFO/MXene hybrid are matches with JCPDS card no 20-0169. The pure BFO has
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rhombohedral structure at room temperature. The doping of Sn in BFO nanoparticles shift the
doublet peak having plans of (104) and (110) into a sharp singlet peak and shows the structural
transformation from Rhombohedral to Orthorhombic. The peak intensity of Bi2FesOg increases
with the increase of Sn concentration [41]. The average particle size of (BFO, BGFO-5Sn,
BGFO-10Sn, BGFO-15Sn, and BGFO-20Sn)/MXene hybrid are calculated using Scherer’s
equation (D= KA /Bcosb) and it is 60 nm, 19.72 nm, 21.54 nm, 20.8 nm, 20.96 nm respectively.
The main XRD peaks of doped BFO and MXene are present in all the hybrid samples. All the
XRD peaks in hybrid samples are broadened and have low peak intensity than that of pure BFO.

5.1.2. SEM Analysis

200 nm
EHT = 15.00 kv

200 nm

Figure 5.1.2. SEM images of doped BFO/MXene hybrid (a: Sn=5%, b: 10%, c: 15%, d: 20%).
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From figure 5.1.2 it can be seen that the BGFSO nanoparticles are attached on the MXene sheets
and it does not embed onto the MXene sheets that are the clear indication of a physical mixing
between two species that form hybrid structures. With the doping concentration of Sn (5 %, 10
%, 15 %, and 20 %) the nanoparticles become agglomerate. From the figure 5.1.2, the clear
white color indicates the agglomeration of nanoparticles. Due to agglomeration, the less number

of BGFSO nanoparticles covered the MXene sheets.

5.1.3. The Bandgap of MXene

(MXene)
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05 10 15 20 25 30 35 40
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Figure 5.1.3. The Bandgap of pure MXene

The band gap of MXene was checked by using a UV-visible spectrophotometer. From figure
5.1.3 it is clear that MXene sample are continuously absorb the light and no absorption edge
appeared in Figure 5.1.3 due to the metallic nature of etched MXene powder [54, 55]. The band
gap of MXene was estimated by plotting (ahv)? against the band gap energy (Eg) and a straight
line appeared that is extrapolated towards x-axis and the point at which the line meets with x-axis
that point is the band gap of the required sample [39]. The band gap of MXene was found to be
1.5e.V [36].
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5.1.4. Photoluminescence spectra of BGFSO/MXene hybrid
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400 500 600 700
Emission Wavelength (nm)

Figure 5.1.4. PL spectra of BGFSO/MXene hybrid

Figure 5.1.4 shows the Photoluminescence (PL) emission spectra for BGFSO/MXene hybrid.
The photoluminescence (PL) spectra having a central peak at the position 426 nm and the
shoulder peak at 458 nm. The central emission peak appeared at 426 nm shows the electron-hole
recombination rate, the greater the electron-hole recombination rate greater will be the PL peak
intensity and vice versa [42]. From Figure 5.1.5 it is clearly observed that the red and black
peaks correspond to BGFO-20Sn/MXene and BGFO-15Sn/MXene hybrid sample having small
PL peak intensity that indicates the low electron-hole recombination than that of BFO/MXene,
BGFO-5Sn/MXene, and BGFO-10Sn/MXene. The low PL peak corresponds to better

photocatalytic activity due to the wide range of charge separation.
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5.1.5. Photocatalytic activity of BGFSO/MXene hybrid samples

The dye absorbance spectra of BFO/MXene, BGFO-5Sn/MXene, BGFO-10Sn/MXene, BGFO-
15Sn/MXene, BGFO-20Sn/MXene and pure MXene are shown in Figure 5.1.5 (a-e). The
absorbance spectra provide information about the degradation efficiency of Congo red dye from
the catalytic solution at a different time [41]. The black peak in all Figures (a-e) shows the
highest concentration of dye molecules in the solution. The decrease of absorbance peak
intensity at a different time is the clear indication of dye degradation from the catalytic solution.
After 30 minutes the peaks of pure MXene is shifted towards the longer wavelength side because
of the oxidization of MXene sheets (TisC202) [69-73]. In Figure 5.1.5 (f) the black line
corresponds to the degradation of Congo red from the solution under blank experiment. Figure
5.1.5 (f) shows the photocatalytic activity of pure MXene and BGFSO/MXene hybrid and it is
checked that 80% of Congo red dye degraded from pure MXene solution in only 120 minutes,
BGFO-5Sn degraded 38% of Congo red dye, whereas 18% dye degradation takes place from the
BGFO-10Sn and BGFO-15Sn in 120 minutes. The BGFO-20Sn shows the 100% dye

degradation in 120 minutes.
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Figure 5.1.5. (a-e) The absorbance spectra of Pure MXene, BGFO-5Sn/MXene, BGFO-
10Sn/MXene, BGFO-15Sn/MXene and BGFO-20Sn/MXene hybrid sample. (f) Photocatalytic
degradation of Pure MXene, BGFO-55n/MXene, BGFO-10Sn/MXene, BGFO-15Sn/MXene and

BGFO-20Sn/MXene hybrid samples.
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Conclusion

The BFO nanoparticles were fabricated by the simple sol-gel method. The 2D MXene sheets
were obtained by the etching of Aluminum from MAX compound. The etching was performed
using Hydrofluoric acid (HF). The hybrid of BFO/MXene was synthesized by Co-precipitation
method. The obtained hybrid was characterized by XRD, SEM, XPS, and UV-visible. The
BFO/MXene hybrid was used for the degradation of Acetophenone and it was observed that
100% degradation of Congo red was taken place. This indicates that BFO/MXene is a good
photocatalyst. Whereas the hybrid of Gadolinium (Gd) and Tin (Sn) doped BFO nanoparticles
with MXene sheets also a good catalyst. The degradation rate of Congo red dye from the
catalytic solution of (Bio.soGdo.10F€0.80Sno20 ; BGFO-20Sn)/MXene is 100%, whereas the
(Bio.90Gdo.10F€0.95SNo.0s; BGFO-5Sn)/MXene shows 38% degradation, (Bio.goGdo.10F€0.90SNo.10;
BGFO-10Sn)/MXene and  (Bio.ooGdo.1oF€0.8sSno1s; BGFO-15Sn)/MXene  shows 18%
degradation. The photocatalytic activity depends on the adsorption and degradation of dye from
the solution. The good photocatalyst results show that the pure and doped BFO/MXene hybrid is

a potential candidate for various commercial applications.
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