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CHAPTER |

INTRODUCTION

1.1. Background and motivation

Nowadays, a wide variety of organic pollutant sources such as industrial,
agricultural and chemical spills, including the world population growth have increased
the environment pollution, both of air and water, caused by hazardous wastes which

is a serious problem in the world.

Currently, the semiconductor-based photocatalytic technology is one of the
most promising technologies for the solar energy utilization and purification of various
organic pollutants in the environment. Photocatalytic technologies have attracted a
large attention owing to their wide applications in decomposing organic compounds
for environmental remediation, clean energy production, water splitting, and CO,
reduction ™. The process of the photocatalytic reaction occurs as follows: when a
semiconductor is exposed to the light containing the energy being equal to or larger
than the band gap of semiconductor and absorbs a photon, the electron will be
excited from the valence band to the conduction band. The activation of the electrons
results in the generation of ‘ “holes’’ (electron vacancy) in the valence band. In this

reaction, h*and e are the powerful oxidizing and reducing agents, respectively ©.

The most widely used photocatalyst in the past was TiO, but this
photocatalyst only reacts with ultraviolet (less than 5% of solar light), which limits the
application of TiO,. Thus, there was an attempted to invent and develop photocatalyst
materials that can respond to visible light because the visible-light (400 nm <A< 800
nm) occupies the main part of the solar spectrum (accounting for 43% energy in solar
spectrum). So, the Visible-light-driven photocatalysts have been receiving attention to

harvest the solar energy efficiently © .



Recently, BiOBr has attracted considerable attention for its potential
applications in energy and environment fields due to its unique physical and chemical
properties, such as typical nanostructures/ micro- morphologies, optical properties,

suitable band gap, high stability, low-cost, etc!® *!

. Anywise, BIiOBr shows the rapid
recombination of electrons and holes pairs, which limits its further improvement in
photocatalytic activity "%, Thus, many researches have been attempted to solve this
problem by various approaches. Very recently, some carbon-based nano-materials,
such as graphene oxide (GO), reduced graphene oxide (rGO) and graphitic carbon
nitride (g-C3Ny), etc. have attracted great interests in fundamental and applied science
owing to their fascinating intrinsic properties, such as extremely high electron mobility,
high flexible structure, large specific surface area, special micro- morphology and

11,12

amenable ability to electrochemical modifications 1. They have been applied to
decorate photocatalysts such as Pt/g-CsNg4 CdS/e-CsNg g-CsNy/TiO, CdS/Au/e-CsN, etc.,

which can significantly enhance the photocatalytic performance.

Various synthesis processes have been applied to synthesize photocatalyst
materials with different morphologies and size such as hydro-solvothermal, sol-gel,
microwave- assisted hydrothermal, chemical vapor deposition, thermal deposition,
spray pyrolysis, chemical precipitation. Among these methods, precipitation was the
most widely used for the synthesis of fine metal oxide powders because of its
simplicity and reproducibility with possibility for large scale production. Moreover,
considering about the energy usage, the low temperature precipitation synthesis

process was concerned.

Herein, we aimed to synthesize and enhance the photocatalytic activity of
BiOBr by hybriding with graphene oxide (GO), reduced graphene oxide (rGO) and
graphitic carbon nitride (g-C3Ng4) by precipitation process, and find the optimum
preparation conditions to achieve the excellent photocatalytic activity for the nitrogen

oxide gas and dye decomposition under visible light irradiation.



1.2. The objective of this research

To synthesize of high efficiency visible-light responsive BiOBr-based composite

photocatalysts.
1.3. Expected result

Obtain the excellent photocatalytic activity of the visible-light responsive BiOBr-

based composite photocatalyst.



CHAPTER Il

LITERATURE REVIEW

2.1 The photocatalytic process

2.1.1 Process and models [**!

Initially, titanium dioxide has been proven as one of the most promising
photocatalyst due to its excellent properties such as high oxidation efficiency, high
chemical stability and environmental friendly. Moreover, TiO, has been used in several
applications such as solar cells, transistors, sensor and photocatalyst for cleaning waste

water and air pollution.

Photocatalytic process is invented by Fujishima in 1972, when a semiconductor
is exposed to the light containing the energy being equal to or larger than the band
gap of semiconductor and absorbs a photon, the electron will be excited from the
valence band to the conduction band. The activation of the electrons results in the
generation of ‘‘holes’” (electron vacancy) in the valence band. In this reaction, h* and
e are the powerful oxidizing and reducing agents, respectively. The products of this
process are carbon dioxide (CO,) and water (H,O) as shown in Fig 2.1. The principal
components of photocatalytic process are as follow:

1) Light energy
2) Catalyst
3) Water
4) Oxygen
The photocatalytic reaction will be activated by photon energy, the photon

energy (E) can be calculated by using Planck’s equation ™%,

E=hyv=— (Equation 2.1)



When: E is photon energy, eV or J
h is Planck’s constant = 6.625 x 10* Js
vV is light frequency, s’
A is lisht wave length, nm
c is light velocity = 2.997x 10° m/s

The basic of photocatalytic process can be explained as follows, when the light
containing the energy being equal to or larger than the band gap of semiconductor,
the electron will be excited from the valence band to the conduction band (e'y,) and
generated holes (electron vacancy) in the valence band (h*,,) of semiconductor as

shown in reaction below:
Semiconductor (photocatalyst) + hv - e + hy,  (Equation 2.2)

Electron can be reacted with oxygen (O,) to generate super oxide radical (O,)
and super oxide radical was changed to hydrogen peroxide when it reacted with water.
Then hydrogen peroxide can be changed to super hydroxyl radical as shown in

reactions below:

e +0, = 05 (Equation 2.3)
0, +2H,0 - 2H,0, (Equation 2.4)
2H,0, - 20H~ (Equation 2.5)

Hole (h*) can be reacted with water (H,0) and hydroxyl group (OH") converting

to hydroxyl radical (OH") as shown in reactions below:
h}, + H,0 —» OH® + H* (Equation 2.6)

h}, + OH~ - OH® (Equation 2.7)



Super oxide radical and hydroxyl radical from this process have efficiency to
decompose various organic compounds to carbon dioxide and water, which are not

dangerous to environment.

However the photocatalytic performance has been limited due to the high

recombination rate of electron and hole pair as shown in reactions below:

e, + hy, — Semiconductor (photocatalyst) + heat (Equation 2.8)
Light
Organic ™\ Electron .
compounds |7 Q; } Conduction band
CO,. HO&

Photocatalyst

Fig. 2.1 Photocatalytic mechanism

2.1.2 Parameter affecting the photocatalytic activity

The photocatalytic efficiency depends on various operation parameters such
as light intensity, pH of aqueous solution, oxygen concentration in system, but the
main parameters affecting on the photocatalytic efficiency are particle size, surface
area and crystallinity of photocatalyst, the details are as follows:

® Particle size

In typical, the small diameter particle size results in higher photocatalytic
efficiency because it has a large surface area, which will increase the adsorption ability
of photocatalyst. However, the small diameter particle size encourages the
recombination of electron-hole pair due to there is too narrow space to separate the

electron-hole pair.



® Surface area and crystallinity

The large surface area and high crystallinity are the important factors to
affecting photocatalytic efficiency because increasing the crystallinity of photocatalyst
materials can reduce the recombination of electron-hole pair probability and the large
surface area can increase the adsorption ability of organic molecule on surface area of
photocatalyst surface. But, the large surface area always has many defects of

crystalline, which brings to the lower photocatalytic efficiency.
2.2. Environmental application of photocatalyst

Presently, energy production, consumption, and environmental pollution
problems become more serious. As a green technology to solve these problems, the
semiconductor photocatalyst has been increased attention and also has been widely
used in many fields such as water and air purification, food, medicine, cosmetics,
energy conversion, etc.  The applications of photocatalyst about water
decontamination, air purification, water splitting and self-cleaning have been briefly

introduced as follows.
2.2.1 Water decontamination

Recently, lack of safe drinking water, inadequate sanitation and poor hygiene
are becoming a big problem owing to rapid industrial growth, environmental pollution,
global warming causing abnormal climate changes, depleted water resources, and
uncontrolled groundwater development. These issues are becoming a factor that is
threatening human health and the environment ] Herein, many of methods such as
filtration, sedimentation, distillation, slow sand filters, biologically active carbon,
flocculation, photocatalysis, etc. have been employed to purify contaminated water.
Due to the low cost, environmentally benign and high efficiency, the photocatalysis
has attracted a lot of interest over other methods. So research on water

decontamination by semiconductor photocatalysis has been enormously carried out
[16]



2.2.2 Air purification

Nowadays, the air pollution both of outdoor and indoor has become of the
most serious environmental problems in human daily life and much has been paid to
control or relieve this issue. The outdoor air pollution are varied and include both
natural and man-made such as volcanoes, oceans, biological decay, lightning strikes,
forest fires, burning of fossil fuels (oil, coal and gas) from industries, power stations,
homes and road vehicles. The air pollutant substances mainly consist of nitrogen
oxides, carbon monoxide, sulphur dioxide, volatile organic compounds (VOCs) and etc.
171 The photocatalysis as a green chemical method is still a promising technology for
air pollution treatment, albeit many of methods have been offered to treat this
outdoor air pollution, owing to its high efficiency for deal with various kinds of toxic
gases such as car exhausts NO,, SO,, VOCs, etc., low cost, simple treatment,

environmentally benign.
2.2.3 Water splitting

The energy depletion has been essential issue in recent times and a renewable

of energy source is strongly required M.

Since Honda-Fujishima effect generated
hydrogen by water photo-electrolysis, the hydrogen fuel by solar-chemical energy
conversion has been slowly considered as a promising choice for environmentally
friendly and renewable energy source, which can be produced from water without the

release of CO, and other toxic gas.
2.2.4 Self-cleaning

Self-cleaning technology has been inspired from the wings of butterflies and
the leaves of lotus from hydrophobic property. The self-cleaning surface coating has
been widely applied in many areas such as cement, glass coatings, paints, textiles,
building, etc. due to its labor-saving. Especially, combined coating with photocatalyst

attracts the increasing interest owing to multi-function.



2.3 Disadvantages (Limitations)
2.3.1 Recombination of electron-hold

Generally, the photocatalytic process was excited by photon, which generated
electron to conduction band (ey,) and left hole in valence band (h,,"). In electron
and hole recombination process, occur by dropping of the electron across band gap
energy to recombine with the hole, that resulting decrease the photocatalytic

efficiency .

Furthermore, this process occurs in the topic of direct and indirect band gap
recombination of semiconductors this can be explained as follows: Direct band gap
semiconductors, the minimal- energy state of the conduction band and maximal-
energy state of valence band have the same momentum (k), which promotes the
recombination of electron and hole. Indirect band gap semiconductors, the minimal-
energy state of the conduction band and maximal-energy state of valence band have
the different momentum (k), the recombination of electron and hole is more difficult
to occur due to the minimal-energy state of the conduction band is not at the same
k as maximal-energy state of valence band, its requires a momentum change (Ak) for

charge transfer as shown in Fig.2.2.

E
clectrons
electrons
I Energy gap I Energy gap
holes holes
k k
Direct bandgap semiconductors Indirect bandgap semiconductors

Fig. 2.2 Energy diagram of semiconductors 2
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2.3.2 Absorption of the light

Originally, TiO, is the most widely used photocatalyst, which works only with
the ultraviolet that is only 4% of the solar spectrum and thus limits its practical
applications. Therefore, developing visible light response photocatalysts has recently
become one of the focuses in the photocatalysis researches due to the visible- light
(400 nm <A< 800 nm.) occupies the main part of the solar spectrum (accounting for >
43% energy in solar spectrum) as shown in Fig 2.3. Visible-light-driven photocatalysts

have been received attention to utilize the solar energy efficiently .
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Fig. 2.3 Energy wavelength of light diagram #?

2.4 Improving photocatalytic reaction

Nowadays, photocatalysts have been developed for solving environmental
and energy issues. Nevertheless, the photocatalytic efficiency and light-harvesting
ability are still far away from real application. Therefore, large amounts of strategies
such as doping, noble metal plasmon, cocatalyst loading, sensitizing and coupling
with other semiconductors, etc. have been proposed for improving the performance

[23

as much as possible . The followings will give a brief review for doping and

coupling with other semiconductors.



11

2.4.1 Doping

For fully utilize the solar energy, great attempt has been studied to enhancing
photocatalytic performance in visible light region. Doping with non-metal ions such as
N, C, S, B, P, etc. or metal ions such as Ag, Au, W, Fe, etc. has been widely used to
improve photocatalytic activity under visible light irradiation. This method tends to
narrow the band gap energy, increases the electron-hole pair separation and inhibits

the recombination of electron-hole pair #* 2%,

® Nonmetal doping

From literature!®”

, hon-metal ions doping can create a middle-gap state acting
as an electron donor or acceptor in the band gap of TiO,, which introduces lower band
gap and shifts the optical absorption of TiO, into the visible- light region. Non-metal
doping such as C-doped TiO, can enhancing the visible light photocatalytic efficiency
of TiO, by incorporation of additional components in the TiO, structure as show in Fig

2.4.

7~ C 2p states

g VB ) ///

B
\g_/

Fig. 2.4 Photocatalysis mechanism of the C-doped TiO, under visible-light irradiation

[26]
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® Metal doping %"

Metal doping is a potential way for the improvement of visible-light driven
photocatalysis since metal doping can extend the absorption range of light, increase
the photo—induced radicals and reduced the recombination rate of photogenerated
electron-hole pairs ?®. W, Nd, Ta, Nb, Fe, Bi, V and Cr, etc. have been common used
metal doping elements, but among them, Bi and Fe have attracted the special interest
in enhancing visible light responsive photocatalytic performance ?!. The study of Fe
doped TiO, nanoparticles fabricated by a hydrothermal method. The particles were
used to check the photo-activity of para-nitrophenol with the visible light irradiation.
After Fe doping, the TiO, was capable for the visible light absorption by introducing
some impurity levels above the valence band of TiO, (as seen in Fig. 2.5). In addition,

the band gap energy of TiO, could be obviously adjusted by the Fe doping content.

Visible light Fe* doped TiO2
hotocatalyst ]
s gi,] Ol-l - OH

Conduction Band . 0r

I\ Fe3*/FeX &
X(])H +OH:
@ @ hv>3.2eV T+ €Oz + H:0 + X

F?"'/FQb V 7S
l where,
h* P: Organic pollutant
é\ﬂ CO: + H20 Valence Band S Intermcdiates
\ other simple X: Simpler molecules
molecules X

Fig. 2.5 Photocatalysis mechanism of the Fe-doped TiO, nanoparticles under visible-

light irradiation "
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® Oxygen rich ”!

The induction of oxygen rich in photocatalyst is also a promising way for
enhance the visible light driven photocatalyst performance. For example, synthesis
the oxygen rich TiO, via the addition of H,O,n and found that the valence band
maximum of TiO, could be upward shifted owing to the existence of excessive oxygen.
In this case, the band gap could be narrowed by controlling the amount of excessive

oxygen in TiO, (as seen in Fig. 2.6).

4 NHE (pH 0)

Control TiO, 2 H,0,-TiO, 16 H,0,-TiO,

Fig. 2.6 Mechanism of band gap narrowing of oxygen rich TiO,

2.4.2 Coupling with other semiconductors "

Coupling with other semiconductors to improve separation of the electron-
hole pair and extend the absorption wavelength of photocatalyst into visible-light
region of the solar spectrum. This approach can improve the photocatalytic efficiency.
It has been reported that good matching of the conduction and valence bands of two
semiconductors could enable efficient charge carrier transfer from one to another.
Wide band gap energy of TiO, coupling with small band gap semiconductor such as
CdS could result in the formation of heterojunctions, the photogenerated the electron
transfer from small band gap semiconductor with higher conduction band to another
semiconductor with a lower conduction band as show in Fig. 2.7, which can extend
photo response to visible light region and reduce of recombination of electron-hole

pair.
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Ox

Red

Fig. 2.7 Photocatalytic mechanism of composite semiconductor under sunlight or

visible light irradiation ©*?

2.5 Bismuth oxybromide (BiOBr)
2.5.1 Physical and chemical properties

Bismuth oxybromide (BiOBr) as a p-type semiconductor, which is known that
BiOBr has drawn considerable attention for its shows high photocatalytic activity!**’,
non-toxicity, facile preparation, chemical stability in photocatalytic oxidation process™”
and it has suitable band gap energy (between 2.64 to 2.91eV) °3% for response to

visible light in the photocatalytic process.

BiOBr has the unique electrical, optical and photocatalytic activity because of
its crystalline layer and structure. The internal electric fields in layered crystalline will
promote the charge separation, which can induce redox reactions on the surface of
the semiconductor. BiOBr has crystallizes in tetragonal structure that consists of [Bi,O,]
positive slabs, which are interleaved by double slabs of bromide to form [Bi,O,Br,]
layers along the c axis. The permanent static electric fields between [Bi,O,] and [Br,]
layers can separate the electron-hole pairs thereby enhancing the photocatalytic

activity of these materials (as show in Fig 2.8). *”
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Fig 2.8 Bismuth oxybromide (BiOBr) structure
2.5.2 Applications

BiOBr is a flexible and extensively applicable photocatalyst for environmental
applications such as wastewater treatment, air pollution control and splitting of water
into hydrogen and oxygen. However, the majority of works published focus on the

utilization of BiOBr for water treatment processes.
2.5.3 Disadvantages (Limitations)

Although BIiOBr offers high photocatalytic activity, but in some case, BiOBr
shows the rapid recombination of photo-generated electrons and holes pairs, and it is
easy to deteriorate photocatalyst with light and heat which restricts its further
improvement in photocatalytic activity '%. The considerable efforts have been made

to improve its properties by introducing different chemical variations.
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2.6 Graphene oxide (GO), Reduce graphene oxide (rGO), Graphitic carbon nitride
(g-C3N4)

2.6.1 Physical and chemical properties

® Graphene oxide (GO) and Reduce graphene oxide (rGO) “”

From graphite oxide to graphene oxide: The graphite is a 3 dimensional carbon
based material compose of millions of layers of graphene. The oxidation process by
using strong oxidizing agents can transform graphite to graphite oxide. The oxidization
of graphite reduced the mean size and gives unsatisfied property by produced the
oxygen functionalities in the graphite structure. This expands the layer separation and
makes the graphite oxide is hydrophilic. The hydrophilic property of graphite oxide
make it can be dispersed or exfoliated in water by using sonication for produced
graphene oxide which contains flakes of monolayer. Thus, the number of layers is the
main difference between graphite oxide and graphene oxide. The common methods
to turn graphite oxide into graphene oxide by using sonication, stirring or combination
of both methods. The sonication is spending a slight time for exfoliating graphite oxide.
It is very successful at producing graphene by sonicated, but it can also damage the
graphene flakes and reducing its surface size from micrometers to nanometers, and
also produces many different of sheet sizes. While the mechanically stirring is not

damaging the graphene flakes, but it takes a longer time to complete.

From graphene oxide to reduced graphene oxide (as show in Fig 2.9): There are
many techniques to reduce graphene oxide such as chemical, thermal or
electrochemical. All of these techniques can produce very high quality of rGO, like
original graphene and high quantities of product. The properties of rGO are as follows

in Table 2.1.
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Exfoliate Al \ Reduce ¥
—_— i HHRo~ —_—

Graphite Graphite oxide Graphene oxide Reduced graphene oxide

Fig 2.9 Schematic of the transformation of graphite to reduced graphene oxide

Table.2.1. Properties of rGO are as follows: 4" 4

Reduction method Chemically reduced
Color Dark brown or black
Form Powder

Odor Odorless

Sheet dimension Variable

Electrical conductivity 600-700 S/m
Humidity (Karl Fisher, TGA) 37-42%

BET surface area 422.69 - 499.85 m?/g

® Graphitic carbon nitride (g-C;N,) *!

The graphitic carbon nitride or graphite- like carbon nitride (g-C3N4) is a metal-
free polymer n-type semiconductor with heptazine ring structure (as show in fig 2.10 )
and the high condensation degree show many advantages such as unique electrical,
optical, structural and good physiochemical properties, along with present the
electronic structure combined with a medium band gap (2.7 eV), which encourages g-
CsNg- based photocatalysts have an interest in the field of visible- light- active

photocatalytic.


http://www.azonano.com/ads/abmc.aspx?b=7854
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Fig 2.10 The heptazine ring structure of g-C;Ng4

2.6.2 Application of rGO and g-CsN,4

Applications of rGO: Y

» Graphene research

» Batteries

»=  Biomedical

» Super-capacitors

* Printable graphene electronics
Applications of g-C;N,-based materials: !
» Tribological coatings

= Biocompatible medical coatings

» Chemically inert coatings

* Insulators

* Energy-storage solutions

= Electronic

» Catalytic

» Energy applications

2.7 Literature review of BiOBr/GO, BiOBr/rGO and BiOBr/g-C;N,4

Sandip P. Patil et al 19! (2016) studied on the preparation of BiOBr-graphene
oxide nanocomposite via a facile sonochemical method. The photocatalytic

performance of BiOBr/graphene oxide nanocomposite for the degradation of direct
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green under UV-Visible light irradiation was investigated. It was found that the
BiOBr/ graphene oxide nanocomposite shown significant enhancement in
photocatalytic degradation of direct green under UV- Visible light irradiation as
compared with pure BiOBr. The Improvement in photocatalytic performance of BiOBr-
graphene oxide nanocomposite was due to the reduction in recombination of photo-
generated electron and hole pairs and their transfer by graphene oxide sheets as well
as combined effect of adsorption and photocatalysis of BiOBr- graphene oxide

nanocomposite.

S. Vadivel et al ' (2014) studied on the efficient photocatalyst for degradation
of methylene blue and rhodamine-B dyes under visible light of graphene oxide/BiOBr
composites photocatalyst material. Graphene oxide/ BiOBr composite material
prepared via a facile method, by mixing BiOBr powder with Graphene oxide solution
and sonicated to obtain a homogeneous solution. The photocatalytic performance on
the degradation in aqueous solution of methylene blue (MB) and rhodamine-B (Rh- B)
and the influence of the GO loadings on the photocatalytic activity was investigated.
It was found that this hybrid material showed better and faster degradation than pure
BiOBr so far and it can be assumed that the enhanced photocatalytic efficiency of
graphene oxide/BiOBr composite materials were due to the effective separation of

electron and hole pairs by the graphene oxide sheets.

Wendong Zhang et al "% (2014) studied on the enhancement the visible light
photocatalytic performance of BiOBr/ graphene and BIiOBr/ graphene oxide
nanocomposites. The nanocomposites were prepared by a cost effective precipitation-
deposition route method at room temperature. The obtained BiOBr/ graphene and
BiOBr/ graphene oxide nanocomposites demonstrate significantly enhanced
photocatalytic activity for the degradation of rhodamine-B (Rh- B) dye and removal of
nitrogen oxide gas under visible light irradiation when compare with the pure BiOBr.
Furthermore, BiOBr/graphene oxide materials show superior photodegradation activity

than the BiOBr/graphene materials which can be generalized to the larger surface areas
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and pore volumes, and effective separation and transfer of the photo- generated

electron and hole pairs.

Zhihui Ai et al ') (2011) studied on the efficient visible light photocatalytic
removal of gaseous nitrogen monoxide (NO) with BiOBr-graphene nanocomposites
which, prepared by solvothermal method with various molar ratios of Bi and graphene
of 10:1, 20:1, 50:1 and 100: 1. The photocatalytic efficiency for NO removal was
evaluated by comparing pure BiOBr with BiOBr-graphene nanocomposites. It was found
that BiOBr-graphene nanocomposites exhibit a superior performance on photocatalytic
removal of gaseous NO to pure BiOBr under visible light irradiation (A > 420 nm). The
reasons for the enhanced photocatalytic activity of the BiOBr- graphene
nanocomposites were charge transportation and the effective separation of the photo-

generated electron and hole pairs.

S. Vadivel et al 7 (2014) studied on the efficient photocatalytic performance
for methyl orange degradation of Sm-doped BiOBr/reduced graphene oxide (RGO)
composite. The Sm-doped BiOBr/reduced graphene oxide composite was synthesis via
solvothermal method using methanol as solvent. The degradation of methyl orange
(MO) which is anionic dye, by the synthesized composites materials was evaluated
under visible light irradiation. The results show that Sm-BiOBr/reduced graphene oxide
composite show superior photocatalytic activity than pure BiOBr and BiOBr/ reduced

graphene oxide composite.

Liqun Ye et al “? (2013) studied on the enhancement the visible light
photocatalytic activity of BiOBr/ g- C;Ng composite which prepared via one- step
chemical bath method at low temperature by dropped the mixture solution of
Bi(NO3)5-5H,0 and CTAB in g-C5Ng4 suspension. Then the mixture was stirred and heated
in water bath at 80 “C, the obtained BiOBr/g-C5N4 composite will contains 50% of BiOBr
and 50% of g-C3Ng. When comparing with pure BiOBr and g-C3N, the BiOBr/g-CsNg
composite photocatalyst material showed enhanced photodegradation activity to
rhodamine-B (Rh- B) dye under visible light irradiation. It was found that, the interaction

between BiOBr and g- CsNg is facets coupling can promote the photo- generated
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electron and hole pairs transfer between BiOBr and g- C3Ng that resulting in an

enhancement of the photocatalytic activity for rhodamine-B dye degradation.

Jiexiang Xia et al '“®) (2014) studied on the enhancement the visible light
photocatalytic activity of sphere-like g-C5N,/BiOBr composites via the EG- assisted the
solvothermal process by used ionic liquid 1-hexadecyl-3-methylimidazolium bromide
([Cygmim] Br) as important solvent, reactant and template at the same time. The
photocatalytic activities of g-CsN,/BiOBr composites were examined for the degradation
of bisphenol A (BPA) and rhodamine-B (Rh- B) dye under visible light irradiation. The
result showed that a loading amount of g¢- C3N; over BIiOBr in g- C3Ny/ BiOBr
photocatalysts materials lead to an increase of photocatalytic activity on the
degradation of BPA and Rh- B under visible light irradiation when compared with pure
BiOBr sample and g¢- CGiNg. It can suppose that the enhanced photocatalytic
performance were due to the effective separation of the photo-generated electron

and hole pairs.

Yanjuan Sun et al '*?) (2014) studied on the enhancement the visible light
photocatalytic activity of BiOBr/ ¢- CsN, two- dimensional nanojunctions by self-
assembly of BiOBr nanosheets on g¢- C3Ng nanosheets by a chemical precipitation
method at room temperature. The photocatalytic activity of the obtained BiOBr/g-CsN,4
nanojunctions was evaluated by removal of nitrogen monoxide (NO) in gas phase
under visible light irradiation. The result showed that the coupling of BiOBr with ¢-CsN,4
lead to strong electronic interaction between the two components with well-matched
band structures and the BiOBr/ g- C3N4 nanojunctions photocatalyst showed significant
enhancement in photocatalytic activity for removal of NO gas under visible light
irradiation, which can be supposed to the effective separation of the photo-generated

electron and hole pairs.
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CHAPTER IlI

EXPEIMENTAL PROCEDURE

3.1 Chemicals used in this research
1. Bismuth nitrate pentahydrate (Bi (NO3);¢5H,0), Sigma-Aldrich Pte. Ltd.
2. Potassium Bromide (KBr), Ajax Finechem Pty. Ltd.
3. Glycerol, Ajax Finechem Pty. Ltd.
4. Graphene oxide (GO), XF NANO, INC Advance Material Supplier, China.
5. Sodium borohydride (NaBH,), Sigma-Aldrich Pte. Ltd.
6. NaOH, Ajax Finechem Pty. Ltd.
7. HCl 36%, Ajax Finechem Pty. Ltd.
8. Urea, Ajax Finechem Pty. Ltd.
9. Ethanol, RC| Labscan Ltd.
10. Distilled water

11. Rhodamine B (Rh-B), Loba chemie Pvt. Ltd.
3.2 Synthesis of BiOBr

BiOBr was synthesized via a precipitation method at room temperature. In a
typical process, the first solution made by dissolving 0.8 mmol of (Bi (NOs)z¢5H,0) in
aqueous solution containing 10 ml of distilled water and 20 ml of glycerol and stirred
until it became homogeneous. Next, the second solution made by dissolving 0.8 mmol
of KBr in 30 ml of distilled water and stirred until it became transparent. After that, the

first solution was added to the second solution, then stirred and aged for 2 hr.
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Thereafter, the precipitates (BiOBr) were washed thoroughly for several times with

distilled water and ethanol. Finally, precipitates were dried at 60 °C in vacuum oven.

The synthesis diagram is shown in Fig 3.1.

[

Synthesis of BiOBr J

KBr 0.8 mmol +
H20 30 1ml

Bi (NO3)35H20 0.8 mm ol+
glycerol 20 ml + H20 10 ml

=i}

Stirring for 2 h

=

Agngfor3h

-

Washing with distilled water and ethanol

=

Drying at 60 -C

=

BiOBr powders

Fig 3.1 The synthesis diagram of pure BiOBr.
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3.3 Synthesis of composites materials
3.3.1 Synthesis of BiOBr/GO composites

BiOBr/ GO composites were synthesized via a precipitation method at room
temperature. In a typical process, the first solution made by added 0.1, 0.25, 0.5, 1
and 2 wt% of graphene oxide (GO, XF NANO, INC Advance Material Supplier, China) in
10 ml of distilled water and sonicated until it became completely disperse. Then
dissolving 0.8 mmol of (Bi (NO3)3¢5H,0) in GO suspension with 20 ml of glycerol and
stirred until it became homogeneous. Next, the second solution made by dissolving
0.8 mmol of KBr in 30 ml of distilled water and stirred until it became transparent.
After that, the first solution was added to the second solution, then stirred and aged
for 2 hr. Thereafter, the precipitates (BiOBr/GO composites) were washed thoroughly
for several times with distilled water and ethanol. Finally, precipitates were dried at

60 °C in vacuum oven.
3.3.2 Synthesis of BiOBr/rGO composites
3.3.2.1 Synthesis of rGO "

2.5 M NaBHj, solution was prepared by dissolving the required amount of NaBH,4
into a diluted NaOH solution, where the solution pH was adjusted to 11-12 in order
to suppress the hydrolysis of borohydride. Then, 50 ml of the desired amount of GO
solution was ultrasonically dispersed for 1 h in a beaker. After that, 12.5 ml of 2.5 M
NaBH4 aqueous solution was dropped into the mixed solution at 25 °C for 1 h. The
solution pH was adjusted to 6 by adding 3 M HCl solution. After the reaction, the
powder was washed by methanol for several times. The process for synthesis rGO was

shown in Fig 3.2.
3.3.2.2 Synthesis of BiOBr/rGO composites

BiOBr/rGO composites were synthesized via a precipitation method at room
temperature. In a typical process, the first solution made by added 0.1, 0.25, 0.5, 1
and 2 wt% of reduced graphene oxide (rGO) in 10 ml of distilled water and sonicated
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until it became completely disperse. Then dissolving 0.8 mmol of (Bi (NO3);¢5H,0) in
rGO suspension with 20 ml of glycerol and stirred until it became homogeneous. Next,
the second solution made by dissolving 0.8 mmol of KBr in 30 ml of distilled water
and stirred until it became transparent. After that, the first solution was added to the
second solution, then stirred and aged for 2 hr. Thereafter, the precipitates (BiOBr/rGO
composites) were washed thoroughly for several times with distilled water and

ethanol. Finally, precipitates were dried at 60 °C in vacuum oven.

Liu, B., et al. (2015)
Dropping 12.5 ml Adding 3 M HCl

of 2.5 M NaBH, solution for
1 solution adjusted pH to 6 ‘ a‘
. =

Washing the powders

NaBH, + diluted NaOH 50 ml of GO solution by iethanol for

solution for adjust pH
to 11-12.

several times.

Fig. 3.2 Schematic diagram to show the synthesis process of the rGO.

3.3.3 Synthesis of BiOBr/g-C;N,
3.3.3.1 Synthesis of g-C;N "

Urea was put in a crucible with a cover and heated in a muffle furnace under
static air at 550 C for 4 h with a heating rate of 1.5 Cmin’. The synthesis procedure
was shown in Fig. 3.3.

3.3.3.2 Synthesis of BiOBr/g-CsN,

BiOBr/g-CsN, composites were synthesized via a precipitation method at room
temperature. In a typical process, the first solution made by added 0.1, 0.25, 0.5, 1
and 2 wt% of graphitic carbon nitride (g-C3N4) in 10 ml of distilled water and sonicated
until it became completely dispersed. Then dissolving 0.8 mmol of (Bi (NOs);¢5H,0) in
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g-C3Ng suspension with 20 ml of glycerol and stirred until it became homogeneous.
Next, the second solution made by dissolving 0.8 mmol of KBr in 30 ml of distilled
water and stirred until it became transparent. After that, the first solution was added
to the second solution, then stirred and aged for 2 hr. Thereafter, the precipitates
(BiOBr/ g-C3N4 composites) were washed thoroughly for several times with distilled

water and ethanol. Finally, precipitates were dried at 60 °C in vacuum oven.

~d® —

Urea was put in a crucible with a cover and heated in
a muffle furnace under static air at 550°C for 3 h

Fig. 3.3 Schematic diagram to show the synthesis process of the g-C3N,.
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The synthesis diagram of BiOBr composite with GO, rGO and g-C;Ng4 is shown in
Fig 3.4.

[ Synthesis of BiOBr J

composites
cd ding \
+ e (GO

e 1GO
e o (C3N4

Bi (NO3)35H20
0.8 mmol +
glycerol 20 ml

KBr 0.8
mmol +
H20 30 ml

0.1,0.25,05,1 and 2 wt% in
H20 10 ml and sonicate to
disperse the suspension.

A

ethanol

J

Drymg at
60-C

[ Washing with distilled water and ]

Composites
powders

Fig 3.4 The synthesis diagram for BiOBr-based composites.
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3.4 Catalyst characterization

3.4.1. X-ray diffraction (XRD, Bruker D2 PHASER)

Crystalline phase structure of as-synthesized samples were characterized by X-
ray diffraction (XRD) using Cu-Kgq radiation with 30 kV, 10 mA. Scanning rate is 2.4
degree/min from 20 at 5 to 80 degree. The obtained peaks were matched JCPDS (Joint

Committee on Powder Diffraction standard files):

Debye Scherrer equation: c= ﬁf:lso (Equation 3.1)
When D. is average crystalline size (nm)

K is Debye Scherrer constant (usually taken as 0.89)

A is wavelength of x-ray radiation (Cu-Kg = 0.154 nm)

B is line width at half-maximum height of the broadened peak

(full width at half maximum (FWHM))
0 is the half diffraction angle of the centroid of the peak (degree)

3.4.2. Field emission Scanning Electron Microscopy and Energy-dispersive

X-ray spectroscopy analysis (FE-SEM-EDS, JEOL JSM-7610F)

The surface morphology of as-synthesized samples were obtained by FE-SEM
and the elemental analysis of as-synthesized samples were detected by EDS. The

obtained samples were prepared as follows
1) Cut a small piece of glass slide to size 5x5 mm.

2) Cleaned the pieces of glass slide by ultrasonication with distilled water and

ethanol for 10-15 minutes and dried it.

3) Dispersed the as- synthesized powder 0.01 ¢ in 10 ml of ethanol by

ultrasonication for 15 minutes.



29

4) The suspensions was dropped on prepared glass slide and dried in desiccator

at room temperature.

5) The obtained glass slide was mounted on the cradle by a carbon tape and

coated the surface of obtained slass slide by gold.
6) FE-SEM was performed at 5-15 kV with magnification of 10,000-50,000.
3.4.3. Transmission Electron Microscope analysis (TEM, JEM-2100)

The morphology of as-synthesized samples were obtained by TEM. The as-
synthesize samples were prepared by similar procedure was described in section 3.4.2,
but the suspensions was dropped on copper grids and prepared grids were dried in

desiccator at room temperature at least 24 hr.

3.4.4. Fourier transforms infrared spectroscopy analysis (FT-IR, NICOLET
6700)

The infrared spectra of absorption of as-synthesized samples were measured
by using the FT-IR spectrometer. The samples for FT-IR analysis were prepared in the
form of a pellet, by mixing the dry form of as-synthesized samples with KBr (99%, FT-
IR grade).

3.4.5. The Brunauer-Emmett-Teller (BET: Quantachrome NOVA-4200E

system)

The Brunauer-Emmett-Teller (BET) specific surface area was determined by the
nitrogen adsorption-desorption isotherm on the Quantachrome NOVA-4200E system.
The 0.2 grams of as-synthesized powder sample was put into glass tube and dried in
vacuum at 220 °C for 60 minutes. After that, the glass tube contained the sample was
placed in liquid nitrogen to measure the adsorption ability for liquid nitrogen on

surface.

3.4.6. UV-Vis diffuse reflectance analysis (UV-670)
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UV- Vis diffuse reflectance ( DRS) spectra were recorded on a UV- Vis
Spectrophotometer (UV- 670) with BaSO4 as an internal standard between the
wavelength ranges of 200 - 900 nm. The as-synthesized samples were prepared by

pressing in sample holder as shown in Fig 3.5.

Fig. 3.5 As-synthesized powder in sample holder for UV-Vis diffuse reflectance

analysis.

From the diffuse reflectance spectrum and the absorbance measurement can

calculated from Kubelka-Munk (KM) equation 2

_p)2
F(R) = % (Equation 3.2)
When F(R) is Kubelka-Munk (KM) function (In this case is A, Absorbance)
R is reflectance

Thus, in this case, the relational function become

_ (-R?
~ 2R

A (Equation 3.3)
Tauc, Davis and Mott gave an equation derived for the absorption constant
5 153

relationship with excitation energy (Eexc = hv) a

ahv = k(hv — E )" (Equation 3.4)
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When a is Absorption constant
h is Planck’s constant = 6.626x10°>* J's, 4.135x10°° eV.s
vV is frequency of vibration
k is constant which does not depend on photo energy

E, is optical band gap
n is 2 for the indirect transition

The O in Tauc equation can be substituted with A, which is the absorption

coefficient from equation 3.3. Thus, the equation can be derived as fallow:
When & ~ A: Thus Ahv = k(hv — Ey)"
(Ahv)/™ = k(hv = Eg) (Equation 3.5)
3.5 Photocatalytic activity evaluations
3.5.1. Rhodamine B (Rh-B) degradation

The photocatalytic activities of as-prepared samples were determined by the
decomposition of Rhodamine B (Rh-B) aqueous solution under the visible light
irradiation was shown in Fig 3.6. A solar simulator (ASAHI spectra HAL-302, 300W Xenon
arc lamp) was used as a light source, and the light intensity was set at 360 W/m?. The
cutoff filter was placed on the beaker containing the solution to completely remove
any radiation below the wavelength of 420 nm to provide visible light irradiation, and
the Xenon lamp was mounted on top of beaker and filter. In the Rh-B decomposition
process 0.1 g of photocatalyst was added into a 200 mL of 15 mg/L Rh-B solution.
Before irradiation, the solution was stirred for 5 h in darkness to reach the adsorption-
desorption equilibrium of Rh-B. Every 10 min of irradiation time intervals, about 5 mL

suspensions were collected, and then centrifuged to remove the photocatalyst
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particles. The concentrations of Rh-B were examined in the way of checking the

absorbance of solution during the photodegradation process.

Keeping in darkness for 5 hr. to
reach the adsorption-
desorption equilibrium.

0.03 mM of Rh-B

(Rh-B 15mg/L)
@ Irradiation under visible light (A > 400 nm),

the light intensity was set at 360 W/m?

0.1 g of catalyst in
200 mL of solution

) Concentrations of Rh-B were examined

Collect suspensions 5 mL every 10
. by checking the absorbance of solution

min and centrifuged to remove the
photocatalyst particles.

Fig.3.6 The measurement photocatalytic activity process for dye degradation.
3.5.2. Removal of nitrogen oxide gas (NO,)

The photocatalytic activity of as- prepared samples were determined by
evaluating the decomposition of NO (deNO,) using a flow type reactor under visible
light irradiation of a solar simulator (ASAHI spectra HAL-302, 300W Xenon arc lamp) at
room temperature. The photocatalyst was spread in the hollow (20 mm x 16 mm x
0.5 mm) of a glass plate and then was placed at the bottom center of the reactor (373
cm? of internal volume) in which 1:1 mixed gas of air and nitrogen containing 1ppm of
NO was flowed at the rate of 200 cm’ min!. The sample was kept in the dark for 10
min to reach the adsorption-desorption equilibrium of NO gas. After that, the solar
simulator was turned on to irradiate the sample, where the light wavelength was
controlled by filter (Kenko L41 Super Pro (W) filter> 400 nm). The measuring time for
each sample was 10 min. The concentration of NO, was checked by a NO, analyzer
(Yanaco, ECL-88A). The process for estimation of the photocatalytic activity of materials

through oxidation of NO, was shown in Fig 3.7.
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1:1 mixed gas of air and nitrogen Irradiation under visible light
containing 1ppm of NO was flowed (A > 400 nm), the light
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0.1 g of catalyst was spread
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Fig.3.7 The process for estimation of the photocatalytic activity of materials through

oxidation of NO,
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CHAPTER IV

RESULTS AND DISCUSSION

In this research, the preparation of pure BiOBr, BIOBr/GO composites, BiOBr/rGO
composites, BiOBr/g-CsN, composites were studied. The effect of amount of graphene
oxide (GO), reduced graphene oxide (rGO) and graphite like carbon nitride (g-CsNg) in
the composite that affects to photocatalytic efficiency was investigated. Furthermore,
the characteristic of obtained materials such as morphology, phase composition,
specific surface area, energy bands and optical properties of composite were
examined. Eventually, the photocatalytic activity of as-synthesized photocatalysts for
degradation of rhodamine-B (Rh-B) dye and removal of nitrogen oxide (NO,) gas under

visible light was evaluated.
4.1 Synthesized BiOBr

4.1.1 X-ray diffraction study

The XRD pattern of the as-synthesized BiOBr was shown in Fig. 4.1. All the
detectable diffraction peaks of the as-synthesized sample at 11.871, 23.691, 26.021,
32.671, 32.741, 40.831, 46.851, 48.771, 54.081, 58.681 and 68.171 degree can be
assigned to the tetragonal phase of BiOBr (JCPDS file Card No. 73-2061). No other

crystalline phases are observed indicating a high purity of the as-synthesized sample.
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Fig.4.1 XRD pattern of the as-synthesized BiOBr.

4.1.2 FE-SEM and TEM analysis

The FE-SEM image of as-synthesized BiOBr as shown in Fig. 4.2 (a). Apparently
each microstructured particle is composed of numerous fine plates. Further
characterized by TEM as show in Fig. 4.2 (b). It can be seen that there are many plate

in the microstructure of as-synthesized BiOBr, which was corresponding to FE-SEM

result.

Fig.4.2 (a).FE-SEM and (b).TEM image of as-synthesized BiOBr.
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4.1.3 FT-IR analysis

The FTIR spectrum of pure BiOBr was described in Fig. 4.3. The spectrum of
pure BiOBr shows very sharp peak at 512 cm™. This is primarily due to the Bi-O

stretching vibration mode in BiOBr.

% Transmittance

512 =7

3900 3400 2900 2400 1900 1400 900 400
Wavenumber (cm)

Fig.4.3 The FT-IR spectrum of pure BiOBr.

4.1.4 Specific surface area

The specific surface area is an important factor to determine the adsorptive
capability of the photocatalysts toward organic contaminant such as dyes. From the
results of the nitrogen adsorption-desorption tests, the specific surface area of as-
synthesized BiOBr was calculated to be 20.663 m%s. It is widely accepted that the
larger specific surface areas could provide more reactive center sites and absorb more

reactants, resulting in an improved photocatalytic activity.
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4.1.5 Optical properties
Absorption spectra measurement

The UV-Vis diffuse reflectance spectrum result of the as-synthesized BiOBr
prepared by the precipitation method as shown in Fig. 4.4. Sample showed the strong
absorption edge in the visible-lisht region with wavelength at about 430 nm

corresponding to its band gap energy (2.9 eV).
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Fig.4.4 UV-Vis diffuse reflectance spectrum of the as-synthesized BiOBr.
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Band gap energy

The optical band gap energy value of as-synthesized BiOBr estimated by linear
extrapolation from the inflection point of the (hVA)? versus hV graph to the x-axis
was shown in Fig. 4.5. It was indicated that the as-synthesized BiOBr has small band
gap energy about 2.9 eV and it can be expected that this sample could be activated

under visible light due to its narrow band gab energy.

2.5

2.0

1.5

(hvA)Y/2

1.0

0.5

1.5 2.5 3.5 45 5.5
hv (eV)

Fig.4.5 Band gap energy of the as-synthesized BiOBr.
4.1.6 Photocatalytic activity evaluation
4.1.6.1 Rhodamine B (Rh-B) degradation

The result in Fig. 4.6 demonstrate that the adsorption—-desorption equilibrium
of the Rh-B dye on the surface of BiOBr was attained at 45 min in the dark. The residual
concentration of Rh-B decreased gradually during the beginning of the adsorption

process and remained constant after reaching adsorption—-desorption equilibrium.
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Fig.4.6 The change in concentration of Rh-B solution under darkness with time in the

presence of BiOBr.

It is shown in Fig. 4.7 that the concentration of Rh-B remains unchanged during
experiment under irradiation, indicating that there is no photolysis effect on Rh-B. On
the other hand, the abrupt decrease in concentration of Rh-B in the presence of BiOBr
after visible-light irradiation was observed. The highest decomposition efficiency of
Rh-B in presence of BiOBr under visible light irradiation as shown in Fig. 4.7 was found
to be 86.87% within 60 min (where C, and C, is initial and residual concentration of
Rh-B, respectively), and almost no degradation was obtained after that. The calculated
photodegradation efficiency (%) for degradation of Rh-B solution of BiOBr is shown in

Table 4.1.
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Fig.4.7 The photocatalytic activities for degradation of Rh-B under visible-light

irradiation of as-synthesized BiOBr.

Table 4.1 Photodegradation efficiency (%) for degradation of Rh-B solution of
BiOBr

Time (min) Photodegradation efficiency (%)
10 36.50
20 59.16
30 62.49
40 63.68
50 7.7
60 86.87
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4.1.6.2 Decomposition of nitrogen oxide gas (NO,)

The nitrogen oxide gas (NO,) decomposition test result of the prepared
sample is presented in Fig. 4.8. Under visible light, the BiOBr sample showed
photodegradation efficiency with 36.84 % of NO, in 10 min. This result showed that
the BIiOBr has a potential to perform as photocatalyst for air purification under visible

light irradiation.
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Fig.4.8 Photocatalytic degradation of the nitrogen oxide gas by the as-synthesized
BiOBr under visible light irradiation.
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4.2 BiOBr/GO Composites
4.2.1 X-ray diffraction study

The XRD patterns of the as-synthesized pure BiOBr and BiOBr/GO composites
with 0.1, 0.25, 0.5, 1 and 2 % of GO, respectively are shown in Fig. 4.9. All the detectable
diffraction peaks of the BiOBr sample comprising peaks at the 20 values of 11.871,
23.691, 26.021, 32.671, 32.741, 40.831, 46.851, 48.771, 54.081, 58.681, and 68.171
degree could be assigned to the tetragonal phase of BiOBr (JCPDS file Card No. 73-
2061). No characteristic peaks of other impurities were observed, which was indicating
a high purity of the sample. For BiOBr/GO samples, it can be found that the XRD
patterns are the same as the BiOBr sample. Furthermore, no typical diffraction peaks
of GO could be observed in the nanocomposites on the XRD patterns, probably due

to the small content of GO in composites.

A A /l N A A BiOBr/GO 2%

A A } \ A A BIiOBr/GO 1%
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© ]
>
—
g 1A A BiOBI/GO 0.25%
£ 1
A A A _ABi0BriGO01%
BiOBr
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I v I
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Fig.4.9 XRD diffraction patterns of pure BiOBr and BiOBr/GO composites with various

amount of GO.
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4.2.2 FE-SEM and TEM analysis

The FE-SEM images in Fig. 4.10 (a-c) show the surface morphologies of pure
graphene oxide (GO), pure BiOBr and BiOBr/GO composites (2 % GO), respectively. As
shown in Fig. 4.10 (a), GO sheet has thin wavy and wrinkled morphology. Fig. 4.10 (b)
shows the FE-SEM image of BiOBr, and it was found that each microstructure of particle
is composed of numerous fine plates. In Fig. 4.10 (c), the FE-SEM images of BiOBr/GO
composites show that the BIiOBr particles are dispersed on the wrinkled surface of GO
sheets. This is evident that surface of GO sheets interacts with surface of BiOBr particles
perfectly, which should effectively promote the charge transportation and separations

for enhancing the photocatalytic activity. "

The TEM image of pure GO was shown in Fig. 4.10 (d), it demonstrates crinkle
and transparent sheet. In Fig. 4.10 (e), it can be seen that there are many plates
combined together in microstructure of the as-synthesized BiOBr. Fig. 4.10 (f) shows
that the BiOBr plates are randomly dispersed on crinkled GO sheets, which was

corresponding to FE-SEM result.
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Fig.4.10 FE-SEM images of (a) pure graphene oxide (GO), (b) pure BiOBr, (c) BiOBr/GO

composites (2 % GO) and TEM images of (d) pure graphene oxide (GO), (e) pure BiOBr,
(f) BIOBr/GO composites (2 % GO).
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4.2.3 FT-IR analysis

The FTIR spectra of pure GO, BiOBr/GO composites and pure BiOBr were
described in Fig. 4.11. The spectrum of GO shows broad peak around 3414 cm™ related
to O-H stretching vibration, a peak at 1719 cm™ is due to the carbonyl stretching
vibration, the peaks at 1383 cm™ and 1218 cm™ related to C-O-H and C-O-C stretching
vibrations respectively. The peak around 1052 cm™ is due to the C-O stretching
vibrations and peak at 1618 cm™ is attributed to vibration of the adsorbed water
molecules and due to the vibrations of graphite. The spectrum of pure BiOBr shows
peak at 512 cm™ which is primarily due to the Bi-O stretching vibration mode in
BiOBr.The FT-IR spectra of BiOBr/GO composites reveals the existence of GO along with
BiOBr in the composite due to the appearance of the peak at 512 cm™ corresponding
to Bi-O vibrations and the peak corresponding to GO stretching vibrations appears at

the synthesized composites.
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Fig.4.11 FTIR spectra of pure graphene oxide (GO), BiIOBr/GO composites and pure

BiOBr.

4.2.4 Specific surface area

From the results of the nitrogen adsorption-desorption tests, the specific

surface area of pure BiOBr and BiOBr/GO composites with amount of GO 0.1, 0.25, 0.5,

1 and 2 wt% were shown in Table 4.2. It was shown that the specific surface area of

composites was higher than that of pure BiOBr, in that the increasing in surface area

from 20 to 35 m?/g as the increasing amount of GO from 0 to 2.0 wt% was obtained.
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Table 4.2 Specific surface area and band gap energy value (Eg) of pure BiOBr
and BiOBr/GO composites.

Amount of GO (wt %) 0% | 0.1% | 0.25% | 0.5% | 1.0% | 2.0%

Specific surface area (m%/g) | 20.66 | 23.40 | 26.70 | 30.85 | 35 | 35.55
Band energy (eV) 2.9 2.9 2.9 2.86 | 294 | 294

4.2.5 Optical properties

Absorption spectra measurement

The UV-Vis diffuse reflectance spectrum results of the as-synthesized BiOBr and
BiOBr/GO composites prepared by the precipitation method are shown in Fig. 4.12. All
samples show the strong absorption edge in the visible-light region with wavelength

about 420-450 nm.

—BiOBr
—BiOBr/GO 0.1%
o ——BIiOBr/G0 0.25%
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g —BiOBr/GO 1%
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2
1
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<
200 300 400 500 600 700 800 900
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Fig.4.12 Display the UV-Vis diffuse reflectance spectra of pure BiOBr and BiOBr/GO

composites.
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Band gap energy

The optical band gap energy value of as-synthesized BiOBr and BiOBr/GO
composites estimated by linear extrapolation from the inflection point of the (hVA)"2
versus hV graph to the x-axis was shown in Fig. 4.13. It was demonstrated that pure
BiOBr and BiOBr/GO composites have narrow band gap energy about 2.86-2.94 eV,

indicating that BiOBr/GO composites are responsive visible light region.
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Fig.4.13 Band gap energy of pure BiOBr and BiOBr/GO composites.

4.2.6 Photocatalytic activity evaluation

4.2.6.1 Rhodamine B (Rh-B) degradation

In order to obtain the adsorption-desorption equilibrium of the Rh-B dye on
the surface of BiOBr and BiOBr/GO composites, the experiment was done by
suspending samples in Rh-B solution and kept in darkness until there was no change
in concentration of Rh-B solution. The results of all samples are shown in Fig. 4.14. It
demonstrated that the adsorption-desorption equilibrium of the Rh-B dye on the
surface of BiOBr and BiOBr/GO composites with different amount of GO were attained

at different time, indicating the effect of adsorption performance. However, the
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concentration of Rh-B solution in the presence of all samples remains unchanged after
keeping in dark for 300 min, confirming they were in equilibrium. It can be observed
the increasing in adsorption ability with increasing amount of GO in composites in that
the time requirement to attain the adsorption-desorption equilibrium was increased as
increasing amount of GO. The enhanced adsorption ability might be caused by the
increasing in surface area of composite when coupling with GO as shown in 4.2.4, since

the surface area of photocatalyst plays an important role on the adsorption.

-+-rhB = — = o

0.4 ——BiOBr
—BiOBr/G00.1%
——BiOBr/G00.25%
0.2 —BiOBr/G00.5%
-=-BiOBr/G01%
—+—BiOBr/G02%

0 50 100 150 200 250 300
Time (min)
Fig.4.14 The change in concentration of Rh-B solution with time in the presence of

BiOBr and BiOBr/GO composites in dark.

The photocatalytic activities of the as-synthesized samples were evaluated by
measuring the degradation of Rhodamine B (Rh-B) in the aqueous solution under visible
light irradiation. The changes in the concentration of Rh-B were checked by examining
the variations in maximal absorption in UV-Vis spectra at 556 nm. It can be seen in
Fig. 4.15 and Table 4.3 that the composite samples consisted of GO 0.25-1wt%
exhibited higher Rh-B degradation efficiency than that of pure BiOBr, where the highest
efficiency reached at 100% in 60 min was obtained with BiOBr/GO 1 % composite. This

indicated that the optimum amount of GO (1%) played a crucial factor on the
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photocatalytic activity enhancement. The improved photolytic efficiency could be
attributed to the increasing dye adsorption and charge mobility performance by
coupling with GO. However, the decreasing in degradation efficiency after addition
amount of GO was increased to 2 wt% might be caused by the excessive adsorption
of Rh-B molecules on the surface of catalyst powder until it was fully covered surface
of catalyst, which would inhibit catalyst from absorbing light. Thus, this would limit the
radicals that could attack certain dye molecules and leading to decrease in the

degradation efficiency.

It can be confirmed the degradation efficiency of BiOBr that not derived from
photosensitization reaction by observing the color of BiOBr photocatalyst powders,
since it was changed from pink (adsorbed Rh-B molecule) to light gray which is the
original color of BiOBr/GO composite, after irradiation. This evidence showed that
although the GO plate has very high absorption ability, but the photocatalytic reaction

of BiOBr could almost completely eliminate the dye molecule on their surface.
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Fig.4.15 The photocatalytic activities for degradation of Rh-B under visible-light
irradiation of as-synthesized BiOBr and BiOBr/GO composites.
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Table 4.3 Photodegradation efficiency (%) for degradation of Rh-B solution of
pure BiOBr and BiOBr/GO composites.

- Photodegradation efficiency (%)
;I'r:ne) 8IOBr BiOBr/GO | BiOBr/GO | BiOBr/GO | BiOBr/GO | BiOBr/GO
0.1% 0.25% 0.5% 1% 2%

10 | 36.50 28.64 28.82 47.76 49.91 45.19
20 | 59.16 50.28 46.91 62.63 68.61 65.75
30 | 62.49 54.75 60.38 74.80 76.82 74.78
40 | 63.68 61.17 72.51 87.62 90.55 74.79
50 | 7777 74.47 85.72 93.84 93.14 74.80
60 | 86.87 86.54 94.22 93.66 100.0 74.83

4.2.6.2 Decomposition of nitrogen oxide gas (NO,)

The nitrogen oxide gas (NO,) decomposition efficiency of the prepared samples
are presented in Fig. 4.16. Under visible light, the BiOBr/GO composite samples showed
higher DeNo, activity than that of pure BiOBr. The BiOBr/GO composite with 0.1 % GO
performed the highest NO, gas decomposition efficiency with 46.60 % in 10 min. This
results show the improved photocatalytic activity of the BiOBr/GO 0.1 % composites
in terms of air purification under Vvisible light irradiation. The calculated
photodegradation efficiency (%) for removal nitrogen oxide gas in 10 min of pure BiOBr

and BiOBr/GO composite were shown in Table 4.4.
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Fig.4.16 Photocatalytic degradation of the nitrogen oxide gas by the as-synthesized
BiOBr and BiOBr/GO composites under visible light irradiation.

Table 4.4 Nitrogen oxide gas decomposition efficiency (%) of pure BiOBr and

BiOBr/GO composites.

Catalyst % Degradation
BiOBr 36.84
BiOBr/GO 0.1% 46.60
BiOBr/GO 0.25% 41.30
BiOBr/GO 0.5% 39.56
BiOBr/GO 1% 42.70
BiOBr/GO 2% 43.43
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4.3 BiOBr/rGO Composites
4.3.1 X-ray diffraction study

The XRD patterns of the as-synthesized pure BiOBr and BiOBr/rGO composites
(0.1, 0.25, 0.5, 1 and 2 %), respectively are shown in Fig. 4.17. All the detectable
diffraction peaks for the BiOBr sample at 11.871, 23.691, 26.021, 32.671, 32.741, 40.831,
46.851, 48.771, 54.081, 58.681, and 68.171 degree can be assigned to the tetragonal
phase of BiOBr (JCPDS file Card No. 73-2061), indicating a high purity of the sample. For
BiOBr/rGO samples, it can be found that the XRD patterns are the same as the BiOBr
sample. Furthermore, no typical diffraction peaks of rGO could be observed in the

nanocomposites on the XRD patterns, probably due to the low amount of rGO.

T BiOBr/rGO 2%

BiOBr/rGO 1%

7] BiOBr/rGO 0.5%

. BiOBr/rGO 0.25%

— o TR e b NG S
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BiOBr

Intensity a.u.

10 20 30 40 50 60 70 80
2 Theta

Fig.4.17 XRD diffraction patterns of pure reduced graphene oxide (rGO), pure BiOBr

and BiOBr/rGO composites with various amount of rGO.
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4.3.2 FE-SEM and TEM analysis

The FE-SEM images in Fig. 4.18 (a-c) show the surface morphologies of reduced
graphene oxide (rGO) sheets, pure BiOBr and BiOBr/rGO composites (2 % rGO),
respectively. The FE-SEM image in Fig. 4.18 (a) shows that rGO sheet has thin wavy and
crinkled morphology. Fig. 4.18 (b) shows the FE-SEM image of BiOBr, and it was found
that each microstructure of particle was composed of numerous fine plates. In Fig.
4.18 (c) the FE-SEM images of BiOBr/rGO composites shows that the BiOBr particles are
well dispersed on the crinkled surface of rGO sheets. This is evident that surface of
rGO sheets interacts with surface of BiOBr particles very well, which should effectively
promote the charge transportation and separations for enhancing the photocatalytic

activity.

The result in Fig. 4.18 (d) show the TEM image of pure rGO sheet, it
demonstrates wrinkled and transparent morphology. In Fig. 4.18 (e) it can be seen
that the microstructure of as-synthesized BiOBr is composed of many plates. Fig. 4.18
(f) the TEM image showing the BiOBr plates are randomly dispersed on wrinkled rGO
sheets, which was corresponding to FE-SEM result. And the results show that the

morphology of BiOBr/rGO is resembled as BiOBr/GO.
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Fig.4.18 FE-SEM images of (a) pure reduced graphene oxide (rGO), (b) pure BiOBr, (c)

BiOBr/rGO composites (2 % rGO) and TEM images of (d) pure reduced graphene oxide
(rGO), (e) pure BiOBLr, (f) BIOBr/rGO composites (2 % rGO).
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4.3.3 FT-IR analysis *”

The FTIR spectra of pure rGO, BiOBr/rGO composites and pure BiOBr were
described in Fig. 4.19. The spectrum of rGO shows broad peak around 3421 cm’
'coresponds to O-H stretching vibration, a peak at 1718 cm™ was due to the carbonyl
stretching vibration respectively, the peaks at 1383 cm™ corresponds to C-O-H
stretching vibrations. The peak around 1107 cm™ is due to the C-O stretching vibrations
and peak at 1617 cm™ is attributed to vibration of the adsorbed water molecules and
due to the vibrations of graphite. The spectrum of pure BiOBr shows peak at 512 cm™
is observed which is primarily due to the Bi-O stretching vibration mode in BiOBr. The
FTIR spectrum of BiOBr/rGO composites reveals that the rGO the as-synthesized
nanocomposites have been composed of two fundamental components of BiOBr and
rGO because the spectrum shows the peak at 512 cm™ corresponds to (Bi-O) vibrations
and also the peak corresponding to rGO stretching vibrations appears at the

synthesized composites.
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Fig. 4.19 FTIR spectra of pure reduced graphene oxide (rGO), BiOBr/rGO composites
and pure BiOBr.

4.3.4 Specific surface area

The specific surface area is an important factor to determine the adsorptive
capability of the photocatalysts toward organic contaminant such as dyes. From the
results of the nitrogen adsorption-desorption tests, the specific surface area of pure
BiOBr and BiOBr/rGO composites with amount of rGO 0.1, 0.25, 0.5, 1 and 2 wt% were
shown in Table 4.5. The specific surface area of composites was higher than that of
pure BiOBr, in that the increasing in surface area from 20-36 m?/g, which was related
to the increasing amount of rGO from 0-2.0 wt%. In addition, the specific surface areas

of BiOBr/rGO composites are close to that of BiOBr/GO composites.
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Table 4.5 Specific surface area and band gap energy value (Eg) of pure BiOBr
and BiOBr/rGO composites.

Amount of rGO (wt %) 0% |0.1% | 0.25% | 0.5% | 1% | 2%

Specific surface area (m?%/g) | 20.66 | 24.50 | 27.39 | 31.39 | 35.05 | 36.08

Band energy (eV) 2.9 294 | 292 2.9 29 2.86

4.3.5 Optical properties

Absorption spectra measurement

The optical absorption of all as-synthesized BiOBr and BiOBr/rGO composites
samples were measured by a UV-Vis spectrometer. The results in Fig.4.20 show the
UV-Vis diffuse reflectance spectra of the pure BiOBr and BiOBr/rGO composites
prepared by the precipitation method. It can be observed that the shift of absorption
edge to the visible region slightly increased as the amount of rGO in composites
increased. Moreover, for BiOBr/rGO composites, there is an enhanced absorption in the
visible light region corresponding to its band gap energy results (2.86- 2.94 eV) as shown
in Table 4.5.
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Fig.4.20 The UV-Vis diffuse reflectance spectra of the pure BiOBr and BiOBr/rGO

composites
Band gap energy

The optical band gap energy value of as-synthesized BiOBr and BiOBr/rGO
composites estimated by linear extrapolation from the inflection point of the (hVA)Y?
versus hV graph to the x-axis was shown in Fig. 4.21. It was indicated that pure BiOBr
and BiOBr/rGO composites have small band gap energy about 2.86- 2.94 eV and the
band gap energy was slightly decreased as increasing of rGO in composites as shown

in Table 4.5. It can be expected that this sample could be responded under visible

light.
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Fig.4.21 Band gap energy of pure BiOBr and BiOBr/rGO composites.

4.3.6 Photocatalytic activity evaluation

4.3.6.1 Rhodamine B (Rh-B) degradation

The results in Fig. 4.22 demonstrate the adsorption—desorption equilibrium of
the Rh-B dye on the surface of BiOBr and BiOBr/rGO composites after keeping in dark
for 300 min. During experimentation the sample suspensions were kept in dark until
there were no change in concentration of Rh-B solution to confirm that they were in
equilibrium. The results of adsorption-desorption equilibrium of the Rh-B dye on the
surface of BiOBr and BiOBr/rGO composites were attained at a different time with
different amount of rGO. It can be observed that the time requirement to attain the
adsorption-desorption equilibrium of composites were increased as increasing amount
of rGO in composites. Since the surface area of photocatalyst plays an important role
on the adsorption, so the adsorption-desorption equilibrium time increased might be

caused by the increasing in surface area of composite when coupling with rGO.
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Fig.4.22 The change in concentration of Rh-B solution with time in the presence of

BiOBr and BiOBr/rGO composites in dark.

The photocatalytic activities of the as-synthesized samples were evaluated by
measuring the degradation of Rhodamine B (Rh-B) in the aqueous solution under visible
light irradiation. The changes in the concentration of Rh-B were checked by examining
the variations in maximal absorption in UV-Vis spectra at 556 nm. As shown in Fig.4.23
and Table 4.6, the composite samples consisted of rGO 0.25-1wt% exhibited higher
Rh-B degradation efficiency than that of pure BiOBr. When added 1 % of rGO the
composite displayed the highest catalytic efficiency for Rh-B photodegradation, which
is 100% in 50 min. This indicated that the optimum amount of rGO on the
photocatalytic activity enhancement is 1%. It supposed that the increase in
photocatalytic degradation of Rh-B was attributed to the enhanced dye adsorption
and charge transportation performance by coupling with rGO. However excessive
absorption of Rh-B molecules on the surface of BiOBr/rGO (2 %) composite resulted in
decrease the photodegradation efficiency. It could be described reason by the same

explanation as in a case of BiOBr/GO.
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Since BiOBr color was changed from pink (adsorbed Rh-B molecule) to light
gray which is the original color of BiOBr/rGO composite, after irradiation. This result can
be confirmed that BiOBr could almost completely eliminate the dye molecule on their

surface by its photocatalytic reaction.
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Fig.4.23 The photocatalytic activities for degradation of Rh-B under visible-light
irradiation of as-synthesized BiOBr and BiOBr/rGO composites.

Table 4.6 Photodegradation efficiency (%) for degradation of Rh-B solution of
pure BiOBr and BiOBr/rGO composites.

. Photodegradation efficiency (%)
Time BiOBr/rGO | BiOBr/rGO | BiOBr/rGO | BiOBr/rGO | BiOBr/
(min) | BiOBr
0.1% 0.25% 0.5% 1% rGO 2%
10 36.50 39.54 67.06 58.82 72.67 51.53
20 59.16 56.29 78.81 74.44 80.40 64.04
30 62.49 73.66 86.83 82.41 91.63 73.18
40 63.68 80.62 93.44 91.75 95.39 78.92
50 77.77 91.95 95.69 94.31 100 87.72
60 86.87 95.26 100 100 - 91.70
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4.3.6.2 Decomposition of nitrogen oxide gas (NO,)

The nitrogen oxide gas (NO) decomposition results of the prepared sample are
presented in Fig. 4.24. Under visible light, the sample BiOBr/rGO 0.25 % showed the
highest efficiency with 50 % of NO, in 10 min. This result improved the NO,
decomposition performance of the BiOBr/rGO 0.25 % composites under visible light
iradiation. The results of photodegradation efficiency (%) for removal nitrogen oxide

gas of pure BiOBr and BiOBr/rGO composite were shown in Table 4.7.
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Fig.4.24 Photocatalytic degradation of the nitrogen oxide gas by the as-synthesized
BiOBr and BiOBr/rGO composites under visible light irradiation

Table 4.7 Nitrogen oxide gas decomposition efficiency (%) of pure BiOBr and

BiOBr/rGO composites.

Catalyst % Degradation
BiOBr 36.84
BiOBr/rGO 0.1% 38.04
BiOBr/rGO 0.25% 50
BiOBr/rGO 0.5% 38.70
BiOBr/rGO 1% 43.87
BiOBr/rGO 2% 41.83
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4.4 BiOBr/g-C;N4 Composites
4.4.1. X-ray diffraction study

The XRD patterns of the as- synthesized pure BiOBr and BiOBr/ g- C5Ng
composites (0.1, 0.25, 0.5, 1 and 2 %) are show in Fig. 4.25. The pure g-C;Ng sample
presents two typical diffraction peaks at 13.03 and 27.60 degree, which can correspond
to the indexed as (002) and (100) diffraction planes (JCPDS 87-1526), respectively (see
appendix B). All the detectable diffraction peaks for the BiOBr sample at 11.871, 23.691,
26.021, 32.671, 32.741, 40.831, 46.851, 48.771, 54.081, 58.681, and 68.171 degree can
be assigned to the tetragonal phase of BiOBr (JCPDS file Card No. 73-2061), indicating
a high purity of the sample. For BiOBr/g-CsN4 samples, it can be found that the XRD
patterns are the same as the pure BiOBr sample. Furthermore, no typical diffraction
peaks of g-C3N, could be observed in the composites on the XRD patterns, probably

due to the small amount of g-C5N4 in composites.
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Fig. 4.25 XRD diffraction patterns of pure BiOBr and BiOBr/g-CsN, composites with

various amount of g-C3Ng.
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4.4.2 SEM and TEM analysis

The FE-SEM images in Fig. 4.26 (a-c) show the surface morphologies of pure
graphite like carbon nitride (g-C5Ng), pure BiOBr and BiOBr/ g-CsN4 composites (2 % g-
C3Ng), respectively. The FE-SEM image in Fig. 4.26 (a) shows that the morphology of ¢-
C3Ng sheets is composed of lamellar structure. Fig. 4.26 (b) shows the FE-SEM images
of pure BiOBr, and it found that each microstructured particle is composed of
numerous fine plates. In Fig. 4.26 (c) the FE-SEM images of BiOBr/ g-CsN4 composites
shows that the BiOBr particles are well dispersed on the wrinkle surface of g-C3Ng4

sheets. This is evident that ¢-C3N4 have surface interaction with BiOBr excellently.

Fig. 4.26 (d) shows the TEM image of pure g-CsN4 sheets which is wrinkle and
transparent morphology. In Fig. 4.26 (e), it can be seen that the microstructure of as-
synthesized BiOBr is composed of many fine plates. Fig. 4.26 (f) clearly demonstrates
the existence of BiOBr particles on g—C5N4 sheet which is good agreement with FESEM

results.



Fig.4.26 FE-SEM images of (a) pure graphite like carbon nitride (g-C5Ny), (b) pure BiOBr,

(c) BiOBr/ g-C35N, composites (2 % g-CsNg) and TEM images of (d) pure graphite like
carbon nitride (g-C5Ny), (e) pure BiOBr, (f) BiOBr/ g-CsN, composites (2 % g-C5Ny).
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4.4.3. FT-IR analysis !

The FTIR spectra of pure g-C3Ng4, BiOBr/g-CsN, composites and pure BiOBr were
presented in Fig. 4.27. The broad absorption peaks of g-CsN, at 3040-3291 cm™" are
stretching vibration modes of N-H and O-H groups, indicating the existence of
uncondensed amino groups and absorbed H,O molecules. The peaks in range at 1230-
1570 cm™! observed in g-CsN4 are related to the typical stretching modes of C-N
heterocycle, whereas the peak at 1636 cm' corresponds to the C=N stretching
vibration mode. The intense peak at 811 cm™* represented the out of plane bending
modes of s-triazine ring. Moreover, the broad peak at 512 cm™ in the spectrum of
BiOBr and BiOBr/ g-CsN, composites correspond to the stretching of Bi-O, the peak
becomes weak with the introduction of g-CsNg. The structures of BiOBr/g-CsNg have
little changes during the self-assembly process. All typical absorption regions of g-CsN,4
appear in the BiOBr/g-CsN, composites, which further confirm that the as-synthesized

composites are composed of both g-C5N4 and BiOBr.
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Fig.4.27 FTIR spectra of pure g-C3Ng4, BiOBr/g-C5N4 composites and pure BiOBr.
4.4.4 Specific surface area

The specific surface area is an important factor to determine the adsorptive
capability of the photocatalysts toward organic contaminant such as dyes. From the
results of the nitrogen adsorption-desorption tests, the specific surface area of pure
BiOBr and BiOBr/ g-CsN4 composites with amount of g-C5N4 0.1, 0.25, 0.5, 1 and 2 wt%
were shown in Table 4.8. The specific surface area of BiOBr did not change very much
by coupling with g-CsN4 and the samples possessed the specific surface area about 20

m?/g.
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Table 4.8 Specific surface area and band gap energy value (Eg) of pure BiOBr
and BiOBr/g-C;N, composites.

Amount of g-CsN, (wt %) 0% |0.1% | 0.25% | 0.5% | 1% 2%

Specific surface area (m%/8) | 5046 | 20.64 | 20.43 | 20.32 | 20.16 | 20.15

Band energy (eV) 2.9 2.9 2.9 2.9 2.88 | 2.88

4.4.5 Optical properties

Absorption spectra measurement

The optical absorption of all of the as-synthesized BiOBr and BiOBr/g-CsN,4
composites samples were measured by a UV-Vis spectrometer. Fig.4.28 shows the UV-
Vis diffuse reflectance spectra of pure BiOBr and BiOBr/g-C;N4 composites prepared by
the precipitation method and it apparently, all of samples showed the strong
absorption edges in the visible-light region corresponding to its band gap energy

resulted (2.88-2.9 eV) as shown in Table 4.8.
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Fig.4.28 The UV-Vis diffuse reflectance spectra of the pure BiOBr and BiOBr/g-C5Ng4

composites
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Band gap energy

The optical band gap energy value of as-synthesized BiOBr and BiOBr/g-C;Ng4
composites estimated by linear extrapolation from the inflection point of the (hVA)"2
versus hV graph to the x-axis was shown in Fig.4.29. It was indicated that pure BiOBr
and BiOBr/g-C3N, composites have small band gap energy about 2.88-2.9 eV and it

can be expected that this sample could be activated under visible ligsht due to its

narrow band gab energy.
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Fig.4.29 Band gap energy of pure BiOBr and BiOBr/g-CsN4 composites.

4.4.6. Photocatalytic activity evaluation

4.4.6.1 Rhodamine B (Rh-B) degradation

The results in Fig 4. 30 demonstrating that the adsorption— desorption
equilibrium of the Rh-B dye on the surface of BiOBr and BiOBr/g-CsN4 composites were
attained after keeping in dark for 300 min, confirming they were in equilibrium. It can
be observed that the increasing amount of g- C3Ng in composites enhanced the

adsorption ability. As the results, it can be observed that the composite coupling with
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g-C3N4 showed higher adsorption of Rh-B dye than that of GO and rGO, in which longer

time to attained adsorption-desorption equilibrium was required.
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Fig.4.30 The change in concentration of Rh-B solution with time in the presence of

BiOBr and BiOBr/g-CsN4 composites in dark.

The photocatalytic activities of the as-synthesized samples were evaluated by
measuring the degradation of Rhodamine B (Rh-B) in the aqueous solution under visible
lisht irradiation. The changes in the concentration of Rh-B were checked by examining
the variations in maximal absorption in UV-Vis spectra at 556 nm. As shown in Fig.4.31,
the highest photodegradation efficiency reached at 100% in 50 min was obtained with
BiOBr/g-C5Ng 2 % composite. It was demonstrated that the increasing in photocatalytic
degradation of Rh-B as the amount of g-C5Ng4 increased in composite, might be due to
the synergistic effects of photocatalytic activity from ¢-C;N, (see appendix C) and
charge separation transportation enhancement when coupling with ¢-C3Ng
semiconductor.  Moreover, the high absorption ability of ¢-C;Ng increased the
concentration of dye molecules on the surface of catalysts, resulted in the

enhancement photodegradation rate.
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At the end of the reaction, colors of BiOBr/g-CsN, composites were turned to
cream color which is the original color of BiOBr/g-CsN, composites. This is obviously
that BiOBr/g-CsN4 composites could almost completely eliminate the dye molecule
on their surface. The results of photodegradation efficiency (%) for degradation of Rh-

B solution of pure BiOBr and BiOBr/g-CsN4 composite were shown in Table 4.9.
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Fig.4.31 The photocatalytic activities for degradation of Rh-B under visible-light
irradiation of as-synthesized BiOBr and BiOBr/g-C;N, composites.



Table 4.9 Photodegradation efficiency (%) for degradation of Rh-B solution of

pure BiOBr and BiOBr/g-C;N, composites.
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Photodegradation efficiency (%)
Time
BiOBr/g- BiOBr/g- BiOBr/g- BiOBr/g- | BiOBr/g-
(min) | BiOBr
CsNg 0.1% | C3N40.25% | C5N;0.5% | C3Ng 1% | C3Ng 2%
10 | 36.50 54.66 60.44 56.15 63.01 67.77
20 | 59.16 66.02 68.70 68.68 73.45 76.12
30 | 62.49 76.96 79.08 72.44 81.77 84.84
40 | 63.68 81.76 83.60 81.00 86.92 89.37
50 | 77.77 89.45 90.52 89.25 87.66 100
60 | 86.87 100 100 100 100 -

4.4.6.2 Decomposition of nitrogen oxide gas (NO,)

In the nitrogen oxide gas (NO) decomposition process the prepared sample are

presented in Fig.4.32. Under visible light, the sample BiOBr/g-CsN; 2 % showed the

highest photodegradation efficiency with 52.08 % of nitrogen oxide gas in 10 min this

result improved photocatalytic activity of the BiOBr/g-CsNy 2 % composites in terms

of air purification under visible light irradiation. The results of photodegradation

efficiency (%) for removal nitrogen oxide gas of pure BiOBr and BiOBr/g-CsN, composite

were shown in Table 4.10.
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Fig 4.32 Photocatalytic degradation of the nitrogen oxide gas by the as-synthesized
BiOBr and BiOBr/g-C5sN, composites under visible light irradiation

Table 4.10 Nitrogen oxide gas decomposition efficiency (%) of pure BiOBr and
BiOBr/g-CsN4 composites.

Catalyst % Degradation
BiOBr 36.84
BiOBr/g-C5N4 0.1% 50.52
BiOBr/g-C5N4 0.25% 41.93
BiOBr/g-C;N4 0.5% 45.83
BiOBr/g-C5N4 1% 44.21
BiOBr/g-C5N4 2% 52.08
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4.5 Reusability
4.5.1. Rhodamine B (Rh-B) degradation

Reusability of a photocatalyst is a very important parameter from an
economical view point. To examine the reusability of the composites, the degradation
experiments using recycled sample were carried out 3 cycles and the results are
demonstrated in Fig.4.33. In each run, the used composites were separated, washed
and dried at 60 °C for 24 h., then they were used repeatedly. As can be seen, after
using the photocatalyst for three successive runs under visible light irradiation, the
BiOBr/rGO 1% and BiOBr/g-CsN,4 2% composites revealed a little decrease in its activity.
So, suggesting that the BIOBr/rGO 1% and BiOBr/g-CsNg 2% composites had high
stability which could almost maintain its photocatalytic performance (85-90%
degradation efficiency). While pure BiOBr/GO and pure BiOBr showed abrupt decrease
in photocatalytic performane to about 40 and 12 %, respectively. As the results, it can

be concluded that rGO and g-C;N4 enabled to improve stability of BiOBr.
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Fig 4.33 Reusability test for the photocatalytic degradation of Rh-B solution over

composites for three successive runs under visible light irradiation

4.5.2. Removal of nitrogen oxide gas (NO,)

Fig 4.34 shows the reusability for the nitrogen oxide gas decomposition of
composites. After three successive recycles of samples for photocatalytic reactions
under visible light irradiation, the activity of BiOBr/rGO 1% composite remained almost
constant and also the BiOBr/g-C5sNg 2% composite was almost the same. Hence, these
photocatalysts have a good life time during the nitrogen oxide gas degradation

reaction. The obtained results were corresponded with Rh-B degradation test.
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Fig 4.34 Reusability test for the photocatalytic removal of NO gas over composites

for three successive runs under visible light irradiation
4.6 Discussion

This study proposed that coupling BiOBr with GO, rGO and g-C3N4 could reduce
the recombination of photogenerated electron and hole, since higher performance in
Rh-B decomposition and NO, decomposition in BiOBr/GO, rGO and g-CsN4 composites
comparing with pure BIiOBr was observed. To confirm the assumption, advanced

characterization apparatus and techniques are required to obtain quantum efficiency
(4

The decrease in recombination of photogenerated electrons and holes pair
resulting in the enhanced photocatalytic activity of the BiOBr/GO composites and

BiOBr/rGO composites can be attributed to the main reasons:

1) Effective charge transportation and separations arisen from the physical

bonding between BiOBr particles and GO/rGO sheet. The enhancement of charge
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transportation and separations led to decrease in recombination of photogenerated
electron-hole pair by transfer to GO and rGO sheets *. The Schematic illustration of
the visible light photocatalytic enhancement of BiOBr-based composites was shown in

Fig 4.35.

.02-
1H+/e
1(:’ pollutant
-OH
B YO S
o Oxidized
> Products

4,
009 Products

Fig 4.35 The Schematic illustration of the visible light photocatalytic enhancement of

BiOBr-based composites

2) Normally, the pure BiOBr shows photocatalytic activity toward sOH. Thereby
another presumption (as shown in Fig. 4.36) is the introduction of the GO and rGO
might enhance the activity of visible-light responsive BiOBr photocatalyst by elevating
the minimum of conduction band of the BiOBr/GO, rGO composites to be higher than
the redox potential of E° (O, / O, 7). Thus, BIOBr/GO, rGO composites showed high
photocatalytic activity for O2¢ —and « OH photocatalytic production under visible- light

irradiation 2%
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Fig. 4.36 The determined band edges of BiOBr and BiOBr/GR versus NHE %,

The photocatalytic activity of BIiOBr/ g- CG3N; composites were significantly
enhanced for the degradation of Rh-B dye solution and removal of NO gas in air under
visible light irradiation, which can be expected to the highly efficient separation of
photo-induced charges transfer between BiOBr and g-C5Ng4. The mechanism was shown
in Fig. 4.37, the band structures of the two components are evenly matched with each
other. Both of BiOBr and ¢-C3N4 can be excited by visible light and then generate
photo-induced electrons and holes. The relative CB and VB edge positions of g-C3N,4
sheet and BIiOBr particle signify that the well- matched band energies can form
heterojunctions. The excited electrons in CB of g-C3N, can transfer to CB of BiOBr and
excited holes in VB of BiOBr can transfer to VB of g-CsN4, which results in efficient

separation and transport of photo-induced electrons and holes .
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CHAPTER V

CONCLUSION

In this study, BiOBr and BiOBr-based composites; BiOBr/ GO, BiOBr/rGO and
BiOBr/ ¢- C5Ng4, have been successfully synthesized by a facile precipitation method at
room temperature. The enhanced photocatalytic activity of composites under visible-
light evaluated by Rh-B degradation and nitrogen gas decomposition was achieved by
hybriding/ coupling BiOBr with GO/rGO or g-C3Ng. It was suggested that the amount of
GO/rGO or g-C3Ng in the composites played an important role on the enhancement of
photocatalytic efficiency. Moreover, it was shown that the hybriding/ coupling BiOBr
with GO/ rGO or g-C3Ng4 could improve the stability of BiOBr for reusing. As the results,

it can be summarized that;

® The photocatalytic efficiency for Rh-B degradation under visible light of
BiOBr/g-C5Ng4 and BiOBr/rGO was higher than that of BiOBr/GO. The highest
activity of each composite was obtained as follow; BiOBr/g-CsNg (2 wt %),
BiOBr/rGO (1wt %) and BiOBr/GO (1wt %)
® The photocatalytic efficiency for NO, gas decomposition under visible
lisht of BiOBr/g-C3Ng was higher than that of BiOBr/rGO and BiOBr/ GO,
respectively. The highest activity of each composite was obtained as
follow; BiOBr/g-CsN, (2 wt %), BiOBr/rGO (0.25wt %) and BiOBr/ GO
(0.1wt %).
® The BiOBr/g-CsNg (2 wt %) composite exhibited the highest reuse ability
after photocatalytic activity testing for 3 cycles, followed by BiOBr/rGO
and BiOBr/GO, respectively.
The photocatalytic activity of BiOBr- based composites were significantly
enhanced for the degradation of Rh-B dye solution and removal of NO, gas in air under
visible light irradiation, which can be ascribed to the highly efficient separation of

photo-induced charges transfer between BiOBr - GO, rGO and g-C5Ng.
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The good photocatalytic activity and high stability for recycling of the as
synthesized BiOBr- based composites exhibited promising potential to use as

photocatalysts for water and air purification applications.
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Appendix A
JCPDS card no. 73-2061

Parttern : 01-078-0348 Radiation = 1.540600 Quality : Calculated

BiOBr 2th i| n| k 1

10.907| 425 0 0 1

21915 73 0 0 2

25.199| 251 1 0 1

Bismuth Oxide Bromide 31.719| 999 1 0 2

32242 482 1 1 0

33.132| 32 0 0 3

34.133 31 1 1 1

39.327| 108 1 1 2

40.508 8 1 0 3

44687| 46 0 0 4

46.243( 194 2 0 0

46.905 76 1 1 3

47659 30 2 0 1

Lartice : Tetragonal Mol. weight= 304.88 50.665| 120 1 0 4

51.732| 24 2 0 2

S.G.: P4/nmm (129) Volume [CD] = 12475 53.385 55 2 1 1

56.168| 112 1 1 4

a= 3.92330 Dx= 8116 57.163| 288 2 1 2

58.061 24 2 0 3

Dm = 8.082 61.883| 26 1 0 5

63.133 3 2 1 3

¢ = 8.10500 66.262 47 2 0 4

67.467| 49 2 2 0

Z= 2 WMicor= 14.53 68.583 8 2 2 1

69534 19 0 0 6

71.007| 70 2 1 4

71.883 8 2 2 2

73.259 9 3 0 1

74.184| 13 1 0 6

76.476 51 3 0 2

. 76.761| 62 3 1 0

ICSD collection code: 061225 77.254 10 2 2 3

Temperature factor: ATF 77.822 6 3 1 1

Remarks from ICSD/CSD: REM  TEM 298. 78.728 40 1 1 6

Daia collection flag: Ambient. 80626| 21 7 1 5

80.981| 17 3 1 2

81.748 1 3 0 3

83.407 2 0 0 7

84597| 20 2 2 4

86.191 18 3 1 3

87.636 33 2 0 6

87.839 18 1 0 7

89.022| 16 3 0 4

Ketterer, J., Kraemer, V., Acta Crystallogr., Sec. C,, volume 42, page 1098

(1986)

Calculated from ICSD using POWD-12++ (1997)

Radiation : CuKa1
Lambda : 1.54060

SS/FOM : F30=1000(0.0001,33)

Filter : Not specified

d-sp : Calculated spacings
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XRD of pure GO, rGO and g-CsN,4

Intensity a.u.
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Appendix C

The photocatalytic activities for degradation of Rh-B under visible-light

irradiation of pure GO, rGO and g-C;N,4
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Appendix D

Comparison of Rh-B Degradation efficiency (%) of BiOBr and BiOBr-based

composites
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Comparison of NO, gas Degradation efficiency (%) of BiOBr and BiOBr-based

composites
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Appendix F

Comparison of reusability for Rh-B decomposition
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Comparison of reusability for NO, gas decomposition
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