PHOTOCATALYTIC DEGRADATION OF TETRACYCLINE WITH
FeO,/Fe- Bi,0,CO; SYNTHESIZED BY ONE-STEP HYDROTHERMAL
METHOD

CHANIPHON SUNKHUNTHOD

A Thesis Submitted in partial Fulfillment of the Requirements for the
Degree of Master of Science in Chemistry
Suranaree University of Technology

Academic Year 2023



n1saaefInENsIUgNseTdaaRnnsslyAauaY

FeO,/Fe-Bi,0,CO, Nduas1ziilaedslalasinassialunauifen

WNEBUNTAl FuUYUNA

¥

Werinusiidudunilsvaimsfnenavdngnsusyayn

a

ANYIFFATURIUUDNA
#19713% a3
wInerdemluladgsuni

Un1sAnuen 2566



PHOTOCATALYTIC DEGRADATION OF TETRACYCLINE WITH
FeO,/Fe- Bi,0,CO; SYNTHESIZED BY ONE-STEP HYDROTHERMAL METHOD

Suranaree University of Technology has approved this thesis submitted in

partial fulfillment of the requirements for a Master’s Degree.

Thesis Examining Committee

Anul Mo f A
‘L [
(Prof. Dr. Jatuporn Wittayakun)

Chairperson

Tecranun S tinon

(Assoc. Prof. Dr. Theeranun Siritanon)

Member (Thesis Advisor)

ol

(Assoc. Prof. Dr. Sanchai Prayoonpokarach)

Member

(Assoc. Prof. Dr. Rapee Utke)

Member

, - &\.@_’_
Cj'zgfwrgmjaﬁ‘mt\z”’“
(Assoc. Prof. Dr. Chatchai Jothityanckoon)  (Prof. Dr. Santi Maensiri)

Vice ’Rector for Academic Affairs Dean of Ihstitute of Science

and Quality Assurance



¥llnsal guyuve : n1saanefrienssfisendumvenanseleniudiy FeO/Fe-
Bi,O,CO; 1 datns1zvitagTslalasinesdas unauld o9 (PHOTOCATALYTIC

DEGRADATION OF TETRACYCLINE WITH FeO/Fe- Bi,0,CO5; SYNTHESIZED BY ONE-

13

STEP HYDROTHERMAL METHOD @191369USn®1: seed1ansnanse as.558uv Asa

wud, 55 wi.

o o

Mdfty: Bi,0,CO5 N3A8 Fe; Aaseufisendauas; wnasglamdu; FeO,

{ &
3

Unsendus s niauas Huivilefiiussavinmlunsannisuuiieuase
Uftslud  dunidedtiauafnmiuitnsedsuasnanisdasamemansylondudae
Lawes FeO,/Fe-Bi,0,C0, Meitlalasmofiatunauiien :nnisveaaosmui nsiiia Fe lu
Taseadiauas Bi,0,C0, dwaliinnisiiulavesszunu (001} dudussunuiivnsdmsunisgs

UiRTendeuas wazdanudy 9unnsgandunasiiniulugiuasdinueaiu uenani Feo, il
suMATIaUlufiisiunsaandulatasn 1 sanglauysysenI i ua s e isen
wasdelundniu FeO, doimihidudussfitelunsdndudidnaseusazlgaiiiotu Jeiae

a

AANNSTINAIVOINIVE FILUNAINNISLEE Fe warnsiiy FeO, Jsanuisafindsydnsniwnis

12
o LYY

govaanamguawouansslndulane 2-3 W Weweudy BiL,O,CO, Ndsliiinigiie iy

o o

nAfeihhnauadusufisentimasiuseuy Bi0,CO;5 MaTuuliiouasiussininingidaee

i

Dudsslemddaniswauianau 9 deliluauian

A o e

AN AL aeiladeindne AT AVAUNE

Ynsfnen - a8iletoe1N5ERUS AW fs,:rw/‘%Smuy/




CHANIPHON SUNK
WITH FeO/Fe-

SIRITANON, Ph.D.

[
L

P P(

ESIS ADVISOR «

As an effective method to reduce

i
investigatea.

tetracycline photodegradation of FeO/Fe-Bi,O,CO; system prepared from a one-step

hydrothermal seriments and calculations, it is found that
growth of {001} facets, the

2ased light absorption in visible

rption and

tion performance by two to three times

tetracycline ¢

based photocatal

in the field

O

School of Chemistry Student’s Signature C\\m\\p\\on SW\\\ “h‘s( O"& .
l

A‘n/\LLfO\V\\/v\ 5.{\("‘\‘0\\/\0&/&

Academic Year -



ACKNOWLEDGMENTS

Foremost, | would like to express my sincere thank to my thesis advisor Assoc.
Prof. Dr. Theeranun Siritanon. | would not have achieved this far and this thesis would
not have been completed without her help and constant encouragement throughout
the course of this research and writting.

| would like to thanks the my committee : Prof. Dr. Jatuporn Wittayakun, Assoc.
Prof. Dr. Sanchai Prayoonpokarach, Assoc. Prof. Dr. Rapee Utke and Asst. Prof. Dr. Suwit
Suthirakun for their insightful comments.

| appreciate National Research Council of Thailand (NRCT5- RSA63009- 06),
Suranaree University of Technology, Thailand Science Research and Innovation (TSRI),
National Science, Research and Innovation Fund (NSRF) (NRIIS number 4141083) for
giving me the funding for my study.

| would like to thank NSTDA Supercomputer Center (ThaiSC) and Institute of
Science, Suranaree University of Technology (SUT) for the computational resources.

Last but not the least, I’'m so grateful for members of solid-state research group
for suggestion and helps. And | would like to thank my family: my father, my mother,
my grandparents and my SEVENTEEN for encouragement and support.

Chaniphon Sunkhunthod



CONTENTS

Page

ABSTRACT IN THAL ettt |

ABSTRACT IN ENGLISH ..o Il

ACKNOWLEDGIMENTS ..ot If

CONTENTS <ttt ettt eb s \%

LIST OF TABLES . VI

LIST OF FIGURES ... VI

LIST OF ABBREVATONS AND SYMBOLS ....cuuuiiiiiiiniiieiriieieisiteieis ettt X
CHAPTER

I INTRODUCTION ...eitiitieeeueceteneeeeteseectesssestteseeneteseesctesssenesessssensssssseneessssenenees 1

1.1 INErOAUCTION L.ttt 1

1.2 Referencegge.. ... I . NWE... R I . oo oeceeeeeeeneeesenenceenenceenens 3

I LITERATURE REVIEW .....oueieieircinteneecteseneceessseetsasenetesssesesessssssssssssssnssessssenenees 5

2.1 Organic poldidiid 4. 4. .0 a2 2 WMWY .. . ... 5

2.2 PhotocatalytiC PrOPEITY et 7

2.2.1 Photocatalytic reaction for water splitting ..........cocoeevvienrnicnnnnes 7

2.2.2 Strategies to improve photocatalytic activity .....cocovevrvnnnene. 10

2.2.2.1 DOPING o 10

2.2.2.2 Coupled semiconductors or Composites .......cccccvvvenenes 10

2.3 Bismuth oxycarbonate (BiyOyCO3) .....oiiueiiiieiciieieieeeeeee s 11

2.4 Fabrication of BiyOgCOx3 .uiiiiiieeieeeeeeeeeeeeeeeeeee e 13

2.5 Strategies to improve photocatalytic activities of Bi,O,COs....cocvvvveriririnee. 13

2.5.1 Heterojunction formation ..., 13

2.5.2 DOPING ettt 15

2.6 REFEIEINCES. ..ot e e e e e e e e e e e et e e eae e 16



CONTENTS (Continued)

Page

Il EXPERIMENTAL ..ctiuiiiititicitniesciteseettssssetsssesestsssesestsesesessssssesestessssnesssssesesnes 20

3.1 CREMICALS ot 20

3.2 INSTTUMIBNTS ..ottt ettt 20

3.3 SamMPLle Preparation ... 21

3.4 Sample charaCterization ..o 23

v RESULT AND DISCUSSION ...oouiuiieiiiineintrieictrieiecttsresetseseesssssesestssssesesssssseseanes 24

4.1 Crystal structure, morphology, and BET surface area........ccceceevevvnnencnnce. 24

4.2 X-ray photoelectron SPeCtroSCOPY ....vovviiiieieiiiiieieieieieieieieieieieee e 34

4.3 Optical property and photocatalytic property.......ccooeeeeernrseeeirees 36

0.0 REFEIENCES ..ttt ettt 43

\ CONCLUSION ....eeeeteienenceeeenesestensaeeeeseeetsseaeestesesesessesesenessssssntsssensnesssssssntsssnenes 48

APPENDICES ...ttt a9
APPENDIX A CALCULATION: BULK AND SURFACE MODELS

FOR SURFACE ENERGY CALCULATIONS ....covviiieirnieieirinicieieines 50

CURRICULUM VITAE .ottt 55



LIST OF TABLES

Table Page
2.1 Major sources of organic pollutants iN Water.........coirrnneese e 6
4.1 l0o2y/l103) ratio, Bi:Fe mol ratio and BET surface

Area Of the SAMPLES. ... s 26

A-1 Total energy, surface area and surface formation
€NErgy Of BisOoCO5. ittt e 53
A-2 Total energy, surface area and surface formation

energy oOf BiFEO,CO5 STrUCTUI ..ot 54



Figure

1.1
2.1
2.2
2.3
2.4

25

2.6

3.1

4.1
4.2

4.3

4.4
4.5

4.6
4.7

4.8
4.9

LIST OF FIGURES

Page
Structure of tetraCyCliNES .....cvovieiiieeee s 1
Electromagnetic spectrum of sunlight.........ccooiiiii e 7
The scheme of photocatalytic process of semiconductor ........cccveeeeeeieennnee 8
Redox potential of water SPUTING......ccoooii e 9
The scheme of organic pollutant compound
AEGrAAATION .ttt 9
The crystal structure of the Bi,0,CO3, which
is crystallized in (a) tetragonal and (b) orthorhombic phase .........ccccocevrunee. 12
The morphologies of Bi,0,COs: (a) microsphere,
(b) nanoplates and (C) NANOTOTS ..o 14
Schematic diagrams of photocatalytic test ... 23
XRD patterns of pristine and Fe-added Bi;O,CO3; samples ......ccooeevviccinenenes 24
XRD patterns of 5 main samples for StUAY ... 25
Shifting XRD peak of pristine and Fe-doped
Bi202C0O3 SAMPLES cueeeiicteeieieiee et et et sttt 25
EDS elemental mapping of the sample ..., 26
TGA curves of undoped Bi202C0O3 and Fe doped
Bi2ZO2C0O3 SAMPLES .ottt 28
SEM image of BFOO (a), BFO5 (b), BF40 (c), and EF75 (€)...ccccuviivieiiicinciane. 30
TEM and HRTEM images of BFOO (a and ¢) and BF75 (b and d) and
SAED patterns of BFOO (inset a) and BF75 (iNset d) ..o 30
XRD pattern of BF100, where Fe content is 100 MOL%......ccovvueerviiecinniicieines 31

XRD patterns of the Fe,O; and Bi,O,CO; mixtures with different
weight ratios, including 5, 15, 40 and 75 MOL%0 ....oeveiiriiceeieeee, 31



Figure

4.10

4.11

4.12
4.13

4a.14

4.15

4.16

a.17

A-1

A3
A

VI

LIST OF FIGURES (Continued)

Page
Sketch of surface models used in surface energy calculations
for (a) pure and (b) 50 mol% Fe-doped Bi,COs with (c) their
corresponding SUfaCe ENEIGIES ......o.ieriiuiieiriieieeeee e 33
XPS spectra of all samples at core levels of (a) C 1s, (b) Fe 2p,
(Q) Bi A @Nd (d) O 1S ot 35
UV-Vis abSOrption SPECLIA ..o 36
The photocatalytic activity of tetracycline degradation of
5 main samples (a) BF85 and BF100 (10) ..o 37
The rate constants of apparent pseudo first order reaction .........cccoeeeeviiiecnnee 38
The photoluminescence properties of the samples.........cccovvevvvincinieiiees 39
The inhibition of tetracycline photocatalytic degradation over BF75
in the presence of different scavengers under visible light irradiation.............. 40
A schematic diagram of the photocatalytic mechanism
of FEOX/Fe-Bi202CO3 SYSTEM ..ooiiiieiii ettt 41
The optimized geometric structure of Bi,O,COs;.
The magenta, red and grey sphere represent Bi,
O and C atom, reSPECTIVELY ...oiiiiceet i 50
All configuration of 50 mol% of Fe-doped in Bi,O,CO;
structure. The magenta, brown, red and grey sphere
represent Bi, Fe, O and C atom, respectively ... 51
The relative total energy of all BiFeO,CO; configuration .........ccccceeeeevirieievennnen. 51

Bi,0,CO5 (002) slab model. (a) surface configuration
No.1. (b) surface configuration No.2. The black
solid line represents the unit cell of slab model.
The magenta, red and grey sphere represent

Bi, O and C atom, reSpeCtiVelY ..o 52



Figure

LIST OF FIGURES (Continued)

Page

four configurations of BiFeO,C0O5(002) slab model.
Configuration No.1, 2, 3 and 4 reflexed in (a), (b), (c)
and (d), respectively. The magenta, brown, red

and grey sphere represent B, Fe, O and C atom, respectively .........ccccovreence. 53



LIST OF ABBREVIATIONS AND SYMBOLS

Rh B Rhodamine B

TC Tetracyclines

CTC Chlortetracycline

oTC Oxytetracycline

DC Doxycycline

eV electron volts

TOC Total organic carbon

XRD X-ray diffraction

XPS X-ray photoelectron spectroscopy
TEM Transmission Electron Microscope

SEM/EDS Scanning Electron Microscope/ Energy Dispersive X-ray

Spectroscopy
DRS Diffused reflectance spectroscopy
PL Photoluminescence Spectrometer
TGA Thermogravimetric analysis
SAA Surface Area Analyzer
HAADF High-angle annular dark-field
BOC Bi,O,CO4
HRTEM High-resolution Transmission Electron Microscope
SAED Selected-area electron diffraction
o} Surface energy
Eoab the total energy of the slab model
n unit cell of bulk

Ebuk the total energy of the bulk unit cell



LIST OF ABBREVIATIONS AND SYMBOLS (Continued)

The surface area of the slab model

initial tetracycline concentration (mg/L)
tetracycline concentration at time

the rate constant of apparent pseudo first order

reaction (min™?)

X



CHAPTER |
INTRODUCTION

1.1 Introduction

Organic pollutants are one of the main problems which are dangerous to
human health. Tetracycline is the class of organic water pollutants, which are
halogenated aliphatic and aromatic hydrocarbons. It is commonly used in the antibiotic
industry and effective against infections caused by both Gram-positive and Gram-
negative microorganisms. Tetracycline is a drug substance that is widely used in
medicine because the price is low, and its high antibiotic activity. The structure of
tetracycline is shown in Figure 1.1. The most common tetracyclines are tetracycline
(TQ), chlortetracycline (CTC), oxytetracycline (OTC) and doxycycline (DC) (Jeong et al,,
2010).

OH O OH @) O
Compound R, R, Rs
Tetracycline (TC) H OH H
Chlortetracycline (CTQ) Cl OH H
Oxytetracycline (OTC) H OH OH
Doxycycline (DC) H H OH

Figure 1.1 Structure of tetracyclines (Jeong et al., 2010).



Although the problems of tetracycline residues in environment are increasing,
the general wastewater treatment is not designed to dispose of tetracycline antibiotics.
Thus, there are many researches trying to develop effective methods. One of the
popular methods for removing pollutants is heterogeneous photocatalysis. The
photocatalytic degradation can completely oxidize the organic compounds to small
molecules including CO, and H,O (Saadati, Keramati et al., 2016). Therefore, the

photocatalytic degradation is interesting alternative to remove tetracyclines.

Semiconductor-based photocatalysts are considered as promising materials for
degradation of organic pollutants, which are crucial for sustainable development
considering environmental issues (Sheng-Peng Hu, 2014). One of the most interesting
semiconductors is bismuth oxycarbonate (Bi,O,COs). It is a member of the bismuth
oxide family based on the Aurivillius structure, consisting of Bi,O,*" layers alternated
with CO5% layers (Alvarez et al,, 2019; Dutta et al.,, 2020; Ka et al.,, 2017). Studying a
comparison of Bi,0,CO; synthesis by the hydrothermal methods and solvothermal
methods, Liu et al. found that both methods exhibited different morphologies. The
Bi,O,CO; synthesized by solvothermal method has smaller particle than Bi,0,CO;
synthesized by hydrothermal method. Bi,O,CO; synthesized by solvothermal method
has higher photocatalytic performance for Rh B degradation than Bi,O,CO; synthesized
by hydrothermal method because the band gab energy has narrowed (Liu et al., 2010).
However, the hydrothermal method is more environmentally friendly than the
solvothermal method. Bi,O,CO; exhibits good photocatalytic degradation performance
under UV light irradiation. However, it can only be excited by UV light because it is a
wide-band-gap semiconductor. One method to enhance the absorption in visible light
region is doping. The cationic doping such as Zn increases the specific surface area and
decreases the band gap energy of Bi,0,COs. Therefore, it enhances photodegradation
efficiency of methylene blue (Yagoob et al., 2020). The anionic doping such as Cl
(Connell, Wu et al,, 2006; Li, Ren et al., 2020), Br (Zhang et al., 2018), and | (Jiantao Zai,
2016) also decreases the width of the energy band gap, thereby increasing the
efficiency of photocatalytic activity under visible light.



Fe doping into bismuth oxycarbonate was prepared with the solvothermal
method. Fe was doped in Bi,0,CO5 at v (W.Connell et al., 2006) various Fe amounts of
0, 0.02, 0.05, 0.10 and 0.15 ¢ that can be calculated to 3,8,16.7 and 25 mol%,
respectively. It was found that 16.7 mol% Fe in Bi,O,CO5 showed the best performance
for Rh B photodegradation. The improvement was a result of reduced band gap energy
of Bi,0,CO5 after Fe doping, which improves light absorption in the visible region and
therefore enhances the photocatalytic activity (Li et al,, 2018). On the other hand,
higher Fe content slightly lower the efficiency as Fe can act as the recombination

center.

While it was shown that Fe doping significantly reduce the band gap energy of
Bi,O,COs;, the effects of higher Fe content on the activity is unclear. Moreover, the
previous work only tests the catalysts for Rh B degradation. Thus, this research aims to
explore the system of Fe- Bi,O,CO; prepared by a hydrothermal method in a more
systematic and detail investigation. Solubility of Fe in Bi,O,CO; structure was studied.
Crystal structure of the samples was analyzed and the prepared catalysts was tested

for tetracycline degradation.
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CHAPTER Il
LITERATURE REVIEW

2.1  Organic pollutants

Organic pollutants are known to be natural toxins, which are often found in

water. Examples of organic water pollutants include volatile organic compounds and

polynuclear aromatic hydrocarbons. Various classes of oreanic water pollutants and

their sources are summarized in Table 2.1.

Table 2.1 Major sources of organic pollutants in water (Beniah et al., 2019).

Chemical class

Sources

Aliphatic and aromatic hydrocarbons
(including benzenes, phenols and

petroleum hydrocarbons)

Polynuclear aromatic hydrocarbons

(PAHs)

Halogenated aliphatic and aromatic

hydrocarbons

Petrochemical industry wastes, Heavy/fine
chemical industry wastes, Industrial solvent
wastes, resins, synthetic fibers, rubbers and
paints production, Coke oven and coal
gasification plant effluents, Urban run-off,
Urban  run-off, Petrochemical industry
wastes, Various high temperature pyrolytic
processes, Bitumen production, Electrolytic
aluminum  smelting,  Coal-tar  coated
distribution pipes

Disinfection of water and water, Heavy/fine
chemicals industry wastes, Industrial solvent
wastes and dry-cleaning wastes, Plastics,
resins, synthetic fibers, rubbers and paints
production, Heat-transfer, Aerosol

propellants, Fumigants




Table 2.1 Major sources of organic pollutants in water (Beniah et al., 2019).

Chemical class Sources

Organochlorinated biphenyls Agricultural  run-off, ~Domestic  usage,
Pesticide production, Carpet mothproofing,
Timber treatment

Polychlorinated biphenyls Capacitor and transformer manufacture,
Disposal of hydraulic fluids and lubricants,
Waste carbonless copy paper recycling, Heat
transfer fluids, Investment casting industries
PCB production

Phthalate esters Plastics, resins, synthetic fibers, rubbers and
paints production, Heavy/fine chemicals
industry  wastes,  Synthetic  polymer

distribution pipes

Due to its widespread use, tetracycline can become an environmental
contaminant. Many antibiotics are excreted in the urine and feces from humans and
animals that used the antibiotic drugs. When it is released, it will contaminate the soil
and water and cause potential risks to environment and human health (Banik and
Hossain, 2006). Residues from tetracycline antibiotics are not good for the ecosystem
and are toxic to human health when they are in drinking water or used water to wash
fruits and vegetables. These antibiotics agents interfere with the intestinal microflora
of humans and animals, making it more prone to other infections. In fact, it has been
reported that even the residual antibiotics can cause genetic variant that results in the
antibiotic resistant pathogen (Chee-Sanford et al., 2001).

Although the problems of tetracycline residues in environment are increasing,
the general wastewater treatment is not designed to dispose of tetracycline antibiotics.
Thus, there are many researches trying to develop effective methods. One of the
popular methods for removing pollutants is heterogeneous photocatalysis. The

photocatalytic degradation can completely oxidized the organic compounds to small



molecules including CO, and H,O (Saadati et al., 2016). Therefore, the photocatalytic

degradation is interesting alternative to remove tetracyclines.
2.2  Photocatalytic property

Photo means light and a catalyst are a substance that increases the reaction
rate without affecting itself. Therefore, a photocatalyst is a catalyst that enhances the
reaction by absorbing energy from light. Photocatalysts are often applied in water

splitting and organic degradation.
2.2.1 Photocatalytic reaction

Most photocatalysts are semiconductors. A semiconductor consists of
conduction band and valence band that are separated by a gap between them. This
gap is called the band gap. When photocatalysts absorb the light energy greater than
the band gap energy, electrons and holes are created in the conduction band and the
valence band, respectively. The main factor influencing the absorbance in
semiconductor photocatalysts is the band gap energy. The photocatalytic processes
are effective to use solar energy to drive chemical reactions, but most semiconductor
photocatalysts can be activated only by UV light. However, the solar light or solar
spectrums has only 5% UV light but as high as 50% visible light. Therefore, extending
the absorption region from UV light region to visible light region would significantly

increase the catalysts’ efficiency (Molinari et al., 2020).

400 nm 500 nm 600 nm 700 nm

m - =

Figure 2.1 Electromagnetic spectrum of sunlight (Lee).




Once the electrons and holes are created, two competitive events can
occur. The electrons and holes either recombine or migrate to react at the surface.
Recombination of charge carriers would decrease the active species and consequently
decrease photocatalytic activity. Thus, charge separation and transport are very
important in photocatalysis. Carrier transport depends on the crystallinity and particle
size. Since defects could act as recombination centers, catalysts with high crystallinity
and lower defects are preferred. On the other hand, if the particle size is small, the
distance that electrons and holes must travel to the surface for the reaction is
shortens, which reduce the recombination rate. The electrons and holes produced by
light react in redox reactions at the surface of the catalysts as shown in Figure 2.3.
These carriers must also have appropriate potential for the reactions. For example, the
potential at the conduction band minimum must be more negative than the redox
potential of H'/H, while the maximum of the valence band must be more positive
than the redox potential of O,/H,O so that electrons and holes can split the water
molecules to H, and O,. Figure 2.4 show the relative potentials of conduction bands
and valence bands of various known photocatalysts for water splitting (Kudo and

Miseki, 2009).

Reactant

Product
<5
;.
N \(’9- Reduction
%
Oxidation
Product

Reactant

Photocatalyst

Figure 2.2 The scheme of photocatalytic process of semiconductor.
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Photocatalytic reactions of organic pollutants degradation occur in a similar
way to the process of water splitting. The photocatalysts will absorb the light to create
electrons and holes. The electrons and holes in the conduction band and valance
band will then react on the surface of the sample. In most cases, the electrons react
with water to form a hydroxyl radical, and holes react with O, to form a superoxide
radical. The hydroxyl radical and the superoxide radical will react with the organic
pollutant causing degradation and mineralization as shown in Figure 2.5m (Yaqoob et

al., 2020).

Energy
Source

02
. Intermediate
] 0¢0° products
Conduction Band (o) @5
oL

Organic
Pollutants

Nanophotocatalyst

Excitantion

CO,, H,0, and

OH Minerralization . o
inorganic ions

Valence Band J
s OEW *

Figure 2.4 The scheme of organic pollutant compound degradation.
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2.2.2 Strategies to improve photocatalytic activity

Photocatalysis is an efficient process for removing organic contaminants, it
is one of the most used alternatives to degrade environmental contamination.
However, the photocatalyst materials have some limitations for photocatalytic activity
such as: width of band gab energy and electron-hole pair recombination rate. (Ansari
et al., 2019; Molinari et al., 2020) Thus, the researchers are trying to develop materials
and improve photocatalytic activity. Here, two examples of the most used strategies

are discussed: doping and making composites.
2.2.2.1 Doping

Doping is a modification of photocatalysts. It could reduce the gap
between the conduction band and the valence band by adding impurities like metals
and non-metals. The specific effects on various semiconductors differ. In many cases,
addition of metals and non-metals enhance the photocatalyst by lowering the band
gap energy and increasing visible light absorption as new energy bands are created. For
example, doping Ag, Ni, Co, Au, Cu, V, Ru, Fe, La, Pt, Cr, and Ce in titanium dioxide
increase the catalysts’ performances under visible light due to the extended light

absorption from UV region to visible light region (Mogal et al., 2013).

In addition, the addition of contaminants in photocatalysts can improve

efficiency by: (Ameta et al., 2018)

> Lowering hole-electron aggregation.
> Increasing surface area.
> Increasing the pore size.

> Increasing the crystallinity.
2.2.2.2 Coupled semiconductors or Composites

The composites are the coupling of semiconductors. It is another efficient
method for semiconductors to increase light absorption in the visible region. The

composites can consist of a large band gap semiconductor and a small band gap
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semiconductor. The electrons from a conduction band transfer from a semiconductor
with small band gap to the one with larger band gap. For the example, FeTiOs/TiO,,
AgsPOy/TiO,, Wig040/TiO,, CdAS/TIO,, CdSe/TiO,, NiTiOs/TiO,, CoTiOs/TiO,, Fe,04/TiO,
(Banik and Hossain, 2006; W.Connell et al., 2006), ZnO/CdS, TiO,/SnO, (Yaqoob et al,,
2020), ZnO/TiO, and ZnO/Ag,S (Chee-Sanford et al.) are reported for effective
photocatalysts. In these cases, recombination of the electron-hole pairs are also

reduced, which help enhancing the photocatalytic performance. (Ameta et al., 2018)

2.3 Bismuth oxycarbonate (Bi,0,CO,)

This section focuses on the bismuth oxycarbonate (Bi,O,COs3) and doping in

bismuth oxycarbonate (Bi,O,COs).

Bismuth oxycarbonate (Bi,0,COs) consists of an alternating Bi,O,*" layer and a
COs* layer. Bismuth oxycarbonate can adopt either a tetragonal or orthorhombic
structure with a body-centered atomic arrangement. The crystal structures of Bi,O,CO5
are depicted in Figure 2.5 (Zheng et al.,, 2010). In detail, the structure is built up of a
highly distorted Bi-O units, where Bi*" atom is coordinated by 8 oxygens, resulting in
stereo dynamic lone-pair character in the local structure of the compound. Such
behavior benefits for photocatalytic properties because this kind of structure contains
many oxygen defects and promote the rapid formation of electron pairs. Therefore,
Bi,O,CO5 was reported with an excellent photocatalytic activity in many works (Cheng
et al,, 2010; Zhao et al,, 2011). However, its relatively large band gap of 3.0-3.6 eV
causes poor light absorption properties, especially in the visible light (Zheng et al,,

2010).
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Figure 2.5 The crystal structure of the Bi,O,COs in orthorhombic phase.

Bismuth oxycarbonate can have different morphologies, which sives different
properties. For example, Huang et al. (2014), compared the activity of Bi,O,CO;
microspheres and Bi,O,CO; nanoplates. The degradation efficiency of rhodamine B
(RhB) of Bi,O,CO5 nanoplates are more than the Bi,O,CO; microsphere because the
Bi,O,CO; nanoplates have good charge separation properties. (Huang et al., 2015) In
addition, Peng et al. compared salicylic acid (SA) degradation of Bi,O,CO; nanorods
and Bi,0,CO;3 nanoplates. Bi,O,CO; nanorods had better total organic carbon (TOC)
removal of SA than Bi,O,CO; nanoplates because their absorbance range was improved
from UV light to visible light which enhanced photocatalytic performance (Peng et al,,
2021). Examples of the various morphologies of Bi,O,CO; are microsphere, nanoplates

(Huang et al., 2015) and nanorods (Peng et al., 2021).
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2.4  Fabrication of Bi,0,CO,

Bismuth oxycarbonate can be fabricated by various techniques such as wet-
chemical method, template-free method, reflux method, ion-exchange method,
solvothermal method and hydrothermal method. However, the most used methods
are hydrothermal and solvothermal because they can be completed in a short time

(Dutta et al., 2021).

Studying a comparison of Bi,O,CO; synthesis by the hydrothermal methods and
solvothermal methods, Liu et al. found that both methods exhibited different
morphologies. The Bi,O,CO; synthesized by solvothermal method has smaller particle
than Bi,0,CO; synthesized by hydrothermal method. It was found that Bi,O,CO;
synthesized by solvothermal method has higher photocatalytic performance for Rh B
degradation because the band gab energy has narrowed (Liu et al., 2010). However,
the hydrothermal method is more environmentally friendly than the solvothermal

method.

2.5 Strategies to improve photocatalytic activities of Bi,0,CO;
2.5.1 Heterojunction formation

Semiconductor heterojunctions are formed by two semiconductors. The two
semiconductors mush have appropriated conduction band and valence band positions
and energy bandgap. Heterojunction formation enhances photocatalytic activity
because it increases the separation of generated charges. Examples of heterojunctions
consisting bismuth oxycarbonate are BiVO,/Bi,0,CO; (Madhusudan et al,, 2011),
Bi,O,CO4/BiMoOg¢ (Zhang et al., 2019), BIOC/Bi,O,CO; (Xie et al., 2019), Bi,O,COs/porous
g-C3N, (Duan et al,, 2019). The heterojunctions can be classified as shown in Figure 2.6

(Li et al., 2021).
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Figure 2.6 The types of heterojunctions: (a) Type |, (b) Type I, (c) Type Ill and (d)

direct Z-scheme heterojunction.

Straddling-gap (Type 1): The electrons and hole are gathered in

semiconductor with smaller bandgap, resulting in a fast recombination rate and a poor

photocatalytic activity.

Staggered-gap (Type II): The electrons are gathered at conduction band of

photosystem 11 (PS II) and the holes are gathered at valance band of photosystem | (PS

). Therefore, Type Il heterojunction enhances the photocatalytic performance due to

a high separation of charge carriers. For example, Qiu et al., prepared Bi,O,CO5/BiOBr

p-n heterojunction with improved Rh B photodegradation (Qiu et al., 2017). However,

in type Il heterojunction, the electrons and holes are gathered at bands with low

energy potential which means that the redox capacities can be reduced.
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Broken-gap (Type lIl): The electrons and holes are not transferred between
the two semiconductors; they are gathered in the original photosystems. The two

photosystems will work separately without any furtherance.

Direct Z-scheme: The band stagger of direct Z-scheme is similar to that of
Type Il heterojunctions but they have different charge transfer. The electrons move
from photosystems | to photosystems Il and holes move from photosystems Il to
photosystems |. The direct Z-scheme enhances redox capacities for the photocatalytic
reaction. For example, Li et al. has proposed a z-scheme heterojunction of WS,/
Bi,O,COs5. The heterojunction has higher degradation efficiency for LR5B and CIP
compared to WS, and Bi,O,COs5 (Li et al., 2019).

2.5.2 Doping

It is known that the photocatalytic activity of the semiconductor depends
on the light absorption, oxidation power, and separation efficiency of photogenerated
electron-hole pairs. It has been reported that doping is an effective strategy to improve
these factors. The cationic doping such as B (Zhang et al., 2021), Al (Alvarez et al,
2019), Ni (Amadu et al., 2021) and Zn increases the specific surface area and decreases
the band gap energy of Bi,O,CO;. Therefore, it enhances photodegradation efficiency
of methylene blue (Yaqoob et al., 2020). The anionic doping such as Cl (Li et al., 2020;
W.Connell et al.,, 2006), Br (Zhang et al,, 2018), F (Liu et al., 2020) and | (Jiantao Zai,
2016) also decrease the width of the energy band gap, thereby increasing the efficiency
of photocatalytic activity under visible light.

Fe doping into bismuth oxycarbonate was prepared with the solvothermal
method (Li et al., 2018) . Fe was doped in Bi,O,CO; at various Fe amounts of 0, 0.02,
0.05, 0.10 and 0.15 g that can be calculated to 3,8,16.7 and 25 mol%, respectively. It
was found that 16.7 mol% Fe in Bi,O,CO; showed the best performance for Rh B
photodegradation. The improvement was a result of reduced band gap energy of
Bi,O,CO; after Fe doping, which improves light absorption in the visible region and
therefore enhances the photocatalytic activity (Figure 2.13). On the other hand, higher

Fe content slightly lower the efficiency as Fe can act as the recombination center.
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CHAPTER IlI
EXPERIMENTAL

3.1 Chemicals

> Bismuth (lll) nitrate pentahydrate (Bi (NO3); -5H,0), > 99%, Carlo Erbo
> 1Iron (lll) nitrate nonahydrate (Fe (NOs); -9H,0), 98.0-101.0%, Carlo Erba
» Urea (CH:N,0), Carlo Erba

> Potassium hydroxide (KOH), 85%, Carlo Erba

> Nitric acid (HNO3), 65% AR grade, Qrec

3.2 Sample preparation

The undoped Bi,0,CO; sample was prepared by hydrothermal method. Bi
(NO3)5-5H,0 (0.005 mol), urea (0.05 mol) and 0.1 M nitric acid (20 mL) was mixed and
stirred until clear solution is formed. Then, 9 M KOH was dropped into the mixture to
adjust the pH to 14. After stirring for 10 min, the mixture was transferred into a Teflon-
lined autoclave and heated to 120°C for 13 hours 20 min. Finally, the product was
rinsed with distilled water and ethanol, collected by centrifugation and dried at 80°C
for overnight. The Fe doped Bi,O,CO5; samples were prepared with the same method
but Bi (NO3);-5H,0 (0.005 - x mol) and Fe (NOs);-9H,0 (x = 0, 2.5, 5, 10, 15, 25, 40, 50,
75, 85 and 100 mol%) were used. The name of the sample that can be prepared will

be BFxx (xx= mol% Fe doped Bi,O,CO3).

BF100 was prepared with the same method, but without the addition of Bi
(NO3)5-5H,0. Only Fe (NOs)5-9H,0 100% mol was used in this sample.
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3.3  Sample characterization
3.3.1 X-ray diffractometer (XRD), Model D8 Phaser, Bruker

The samples were ground to powder and put into the sample holder. The
powder samples were packed by slide glass for pressure on surface of samples to
smooth. X-ray diffraction (XRD) spectra were determined by D8 phaser XRD
diffractometer (Bruker) with Cu Kq radiation (A = 1.5406 A) in 2theta rang of 10-70° by
scan rate 0.2 s/step with increment of 0.02°. The phase identification and the crystal

structure were identified with the databases by DIFFRACT.EVA program (V 4.2).

3.3.2 X-ray photoelectron spectroscopy (XPS), PHI5000 VersaProbe I
XPS instruments (ULVAC-PHI, Japan)

This measurement was used to study oxidation state and elemental
composition of the samples. X-ray photoelectron spectroscopy was performed by a
PHI5000 VersaProbe Il XPS instruments (ULVAC-PHI, Japan) (Monochromatic X-ray of Al
Ka = 1486.6 eV) at Thailand Center of Excellence in Physics (ThEP), Chiang Mai,

Thailand. The binding energy of Cls at 284.8 eV was used as a reference.
3.3.3 Transmission Electron Microscopy (TEM), JEOL2100plus

Field-emission transmission electron microscope (FETEM) using high
accelerating voltage at 300 kV was used to reveal the morphologies and elemental

composition of the samples.

3.3.4 Scanning Electron Microscopy (SEM)/Energy Dispersive X-ray
Spectroscopy (EDS), Zeiss AURIGA

In the experiment, the samples were prepared on a layer of aluminum (Al)
without carbon because the samples have carbon content. The SEM images were taken
by a Zeiss AURIGA Field-emission scanning electron microscope (FE-SEM). Energy
dispersive X-ray spectroscopy (EDS) was used for elemental mapping. These

techniques yielded morphology, elemental composition, and distribution of particle.
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3.3.5 Photoluminescence Spectrometer (PL), AvaSpec-2048TEC-USB2-2

The photoluminescence spectra were performed by AvaSpec-2048TEC-USB2-
2 (LED light source 347 nm, FWHM 15nm, 20 microwatts) at Thailand Center of
Excellence in Physics (ThEP), Chiang Mai, Thailand.

3.3.6 Diffused reflectance spectroscopy (DRS), UV-Vis-NIR
spectrophotometer modeled Carry 5000

UV-Vis-NIR spectrophotometer modeled Carry 5000 was use for optical diffuse

reflectance spectroscopy (DRS). The diffuse reflectance (%R) spectra were recorded in

the wavelength range of 200-2000 nm with the double beam mode.

3.3.7 N, adsorption-desorption, Bel-Japan Bel Sorp mini Il

The specific surface area was determined by physical adsorption of the
unreactive N, gas on solid surface. increasing reactive pressure that more gas molecules
had adsorbed on the surface and cover the entire. The nmber of gas molecules is
recorded from the volume adsorbed and used to determine the area of the accessible
surface. The condition of N, adsorption-desorption was degassed in vacuum at 300°C
for 3 h and N, adsorption is measured at 77 K. The specific surface area was calculated

by Brunauer-Emmett-Teller (BET) method.

3.3.8 Thermogravimetry/ Differential thermal analysis (TG/DTA),
NETZSCH STA449 F3 Simultaneous Thermal Analyzer instrument

(STA)

Thermogravimetric analysis (TGA) was used to investigate the decomposition of
substances and to find the temperature required to decompose all organic species in
the samples prepared by hydrothermal method in order to determine the calcining
temperature. Thermal decomposition of sample was investigated by TG/DTA using a
NETZSCH STA449 F3 Simultaneous Thermal Analyzer instrument (STA). The powder of
sample was put in 1/2 of ALO; crucible (10-20 g) and heat under the following
condition: N, gas flow (100mL/min); heat rate of 10°C min'; and temperature range of

35-600°C.
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3.4  Photocatalytic test

®  Light intensity of 15 w/em? »  Dark absorption for30 min

B 420 nm cutofT filter )’ Light irradiation for 90 min with

sampling every 15 min

v 35 mg of catalyst | Water out
V" 100 mL of 20 |

Water in

ppm tetracycline

Figure 3.1 Schematic diagrams of photocatalytic test.

The photocatalytic activities were evaluated by photodegradation of tetracycline as
an organic pollutants model. The photocatalysts (35 mg) were put into tetracycline
solution (20 ppm,100 mL) under magnetic stirring. The mixture was stirred in the dark
for 30 min and subject to light irradiation for 3 hours using Xe-lamp (300 W). The
degradation of tetracycline was determined by the intensity of absorption peak of

tetracycline (357 nm) as measured by a UV-Vis spectrophotometer.



CHAPTER IV
RESULT AND DISCUSSION

4.1  Crystal structure, morphology, and BET surface area

Phase identification of undoped Bi,0,CO; and Fe-doped Bi,O,CO; were studied
by XRD technique. Figure 4.1 show XRD patterns of all prepared samples. All diffraction
peaks can be indexed as the orthorhombic Bi,O,CO; crystal structure (ICSD #94740)
with Imm2 space group (Huang et al,, 2014). Comparing undoped Bi,O,CO; and 75
mol% Fe-doped Bi,O,COs, the peak positions were not changed significantly. However,
the peak intensities of (002) and (103) plane obviously varies from sample to sample.
However, we were chosen five main samples for study characterization such as BF0O,

BFO5, BF15, BF40 and BF75 as shown Figure 4.2.
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Figure 4.1 XRD patterns of pristine and Fe-doped Bi,0,CO; samples.
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Figure 4.2 XRD patterns of 5 main samples for study.
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Figure 4.3 Shifting XRD peak of pristine and Fe-doped Bi,0,CO; samples.
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Figure 4.4 EDS elemental mapping of the sample.
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Table 4.1 lp2y/103 ratio, Bi:Fe mol ratio and BET surface area of the samples.

Bi:Fe mole ratio

BET Surface

Sample name lo2y/l(103) (average from EDS)
ITRLVZ L9 area (m?%g)
Bi Fe
BFOO 0.53 2 - 1.5
BFO5 0.55 1.59 0.39 2.8
BF15 0.64 1.52 0.52 33
BF40 1.09 1.02 1 3.4
BF75 1.82 0.44 1.49 24.2
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The energy-dispersive X-ray spectroscopy (EDS) mapping of BF0O5, BF15, BF40
and BF75 were used to study the elemental composition. As show in Figure 4.4, the
presence of Bi, C, O and Fe element in Fe doped Bi,0,CO; samples is confirmed.
Moreover, the increased Fe content is detected in Fe doped Bi,O,COs, which coincide
with the nominal composition (Table 4.1). As shown Figure 4.3, the diffraction peaks at
12.9° of all prepared samples shifted, with BF05, BF15 and BF40 shifting to the lower
degree and BF75 shifting to the higher degree. The cell parameters of the samples
decrease upon Fe incorporation in the Bi,0,CO; lattice although Fe* is smaller than
Bi** (Shannon, 1976; Shannon and Prewitt, 1969). However, the layered structure of
Bi,0,CO5 could accommodate the interlayered CO5* ion, which would result in an
increased cell parameter and a shift of the diffraction peaks to lower degrees (Huang,
H., Li, X. et al,, 2015). The presence of extra COs* ion in the structure was analyzed by
thermogravimetric analysis (TGA) technique. TGA curves of undoped Bi,0,CO5 and Fe
doped Bi,O,CO5; samples are shown in Figure 4.5, which exhibits weight loss in the
temperature range of 250-400 °C. The weight loss of BFOO, BF05, BF15, BF40 and BF75
are 10%, 11.94%, 12.76%, 11.2% and 12.21%, respectively. It is noted that CO5*
content in the pristine Bi,O,CO5 is approximately 8.6%, and the higher weight loss
represents extra COs* ion (Huang, H., Li, X. et al., 2015). The observed higher weight
loss suggests that our samples contain interlayered CO5*. The presence of interlayered
CO4* can be rationalized by our preparation method which includes addition of excess
urea. It is important to perceive that optimum carbonate doping in Bi,0,CO; could
improve visible light absorption and benefit the photocatalytic performance (Boxall et

al., 2003).
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Figure 4.5 TGA curves of undoped Bi,O,CO; and Fe doped Bi,O,CO5; samples.

The scanning electron microscope (Figure 4.6) and the transmission electron
microscope (Figure 4.7) images show the morphology of samples that composed of
nanoplates with smooth surface. The sizes of the nanoplates are varied from around
1 to 10 pm with similar thickness. While the average elemental composition and Fe
content in each sample agree quite well with the starting Fe: Bi ratio (Table 4.1),
elemental mapping clearly indicates mixed phases in the samples. The Fe-rich phase
forms smaller particles on top of the Bi,0,CO; (Figure 4.2). The formation of impurity
phase indicates that solubility of Fe in Bi,O,CO5 structure is limited. Moreover, when
Fe content is increased to 100% (correspond to Fe,O,CO5; composition), Fe,Os were
obtained as a major phase with lower diffraction intensity of FeO(OH) and no trace of
Bi,O,CO; phase (Figure 4.8). Nevertheless, it is noted that Fe is also distributed in the
plates as well. Therefore, we conclude that some of the added Fe are included in the
Bi,O,CO; lattice while the rest form separate phases with high Fe content, which could
also explain an unclear trend in the shift of the XRD patterns upon Fe addition. Since

no other elements are detected, this Fe-rich phase is most probably Fe oxides such



29

as Fe,Os;, FeOOH, FeO, and Fe;0O,4. Similar forms of Fe oxides are often referred to as
FeO, for simplicity (Cheng et al., 2016; Liu et al., 2022; Saada et al., 2019). Note that
these impurity phases are not detected in the XRD patterns. The reasons for their
absence are the low FeO, crystallinity (Liu et al., 2022; Wang et al., 2019; Zhao et al,,
2013) and lower X-ray scattering power of FeO, comparing to Bi,0,CO5. Moreover, we
checked the XRD pattern of Fe,O5; and Bi,O,CO; mixture with several weight ratios and
found that intensity of Fe,O5 diffractions is much lower, even though crystalline Fe,Os
was used (Figure 4.9). Thus, the FeO, diffractions in XRD patterns of the samples is not
easily detected in the presence of Bi,O,COs.



30

(110)

,;»//dm,=0.27 nm

\d;1,=0.27 nm

Figure 4.7 TEM and HRTEM images of BF0O (a and ¢) and BF75 (b and d) and SAED
patterns of BFOO (inset a) and BF75 (inset d).
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Although the XRD pattern seems unchanged, the higher (002) and (004)
intensity in Fe incorporated samples comparing to pure Bi,O,CO5 indicates that adding
Fe results in a preferred growth of {002} facets (Yang et al., 2016). To clearly compare
the preferred growth, we calculate the intensity ratio of (002)/(103) diffraction
(loo2/l103)) for each sample as summarized in Table 4.1. The increase in lgo/li103) Shows
strong correlation with Fe content. {001} facets of Bi,0,COj; are active for photocatalytic
reactions due to the increased carrier’s separation (Ding et al., 2020; Huang, H., Li, X.
et al,, 2015), thus the Fe added samples are expected to show good activities.

The morphologies and exposed facets of the samples are also check with the
high-resolution TEM (HRTEM). TEM images (Figure 4.7(a) and (b)) confirm the plate-like
features of the samples. From Figure 4.5(c), BFOO shows obvious lattice fringes with
lattice spacing of 0.27 nm, which is assigned to the (110) crystal planes of Bi,O,COs
(Huang H. et al, 2015; Xu et al, 2017). Selected-area electron diffraction (SAED)
analyses also show that BFOO has high crystallinity (Figure 4.7(c)). In addition, the
measured angle between (110) and (200) crystallographic planes is 45°, which is
consistent the theoretical value. This SAED pattern confirms that BFOO has (002)
exposed facet (Xu et al,, 2017). The HRTEM image of BF75 is shown in Figure 4.6(d).
The inter-planar distance obtained are close to the (110) crystal planes of Bi,0,COs.
SAED of BF75 displays ring patterns, which are characteristic of polycrystalline materials
(Figure 4.7d). Although it is difficult to investigate the exposed facet based on SAED,
the (002) preferred growth of BF75 is confirmed by the significantly higher XRD
intensities of (002), (004) and (006) diffraction as discussed previously. Moreover,
HRTEM image of BF75 clearly shows the small particles with amorphous nature, which
likely correspond to the formed FeO, (Figure 4.7(d)).

Because of its layered structure, Bi,O,CO5 often have preferred growth along
(002) facet (Chen et al., 2019; Ding et al., 2020; Yang et al., 2016). In most cases, such
orientation is influenced by the synthetic condition such as temperature (Ding et al,,
2020) and additives (Cheng et al., 2018). In this work, the only difference between pure
Bi,0,CO; and Fe doped Bi,0,C0Os is the presence of Fe** ion. To investigate the origin

of different preferred surface orientations in the pure and doped samples, we
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calculated and compared the surface energies of pure and 50 mol% Fe-doped

Bi,O,CO5 (002) surfaces. The surface energies, G, are calculated as follow.
o=7 (Estab — nEpuie)

where Eg,p, is the total energy of the slab model containing n unit cell of bulk
structure and Epyk is the total energy of the bulk unit cell. A is the surface area of the

slab model. The lower the surface energy, the more preferred surface orientation.

As shown in Figure 4.10(a) and 4.10(b), Bi-terminated surface (002) is the most
stable facet for the pure Bi,0,CO; system, while the Fe-terminated surface is most
stable for the doped system. Other less stable terminations and their relative energies
are included in the Appendix. Computations suggest that Fe-doped Bi,O,CO5 prefers
the formation of the (002) facet as the surface energy is reduced from 0.134 to 0.045
eV/A? upon doping. The calculated results agree with our experimental observations
that the XRD peak intensities of (002) plane increases with the doping concentrations.

(a)

(C) Surface energy, eV/A?
0.14 0.134
0.12

(b)

0.10
0.08

0.045

Bi,COs BiFeCOs

Bi Fe O C

Figure 4.10 Sketch of surface models used in surface energy calculations for (a) pure

and (b) 50 mol% Fe-doped Bi,COs with (c) their corresponding surface energies.

The BET surface areas of all samples are shown in Table 4.1. It was found that
the BET surface area of BFOO, BFO5, BF15, BF40 and BF75 are 1.5 m%/g, 2.8 m?/g, 3.3

m?/g, 3.4 m%/g and 24.2 m?/g , respectively, which is close to those reported in similar
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systems (Li et al., 2018). The higher BET surface area might be caused by its thinner
plate-like morphology and several small amorphous FeO, particles deposited on the

Fe-doped Bi,0,CO; thin plates.

4.2 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was used to measure the elemental
compositions and to further prove the existence of Fe in Fe doped Bi,O,CO5 samples.
The C 1s XPS spectra of all samples are shown in Figure 4.11(a). Two strong peaks were
observed at around 284.8-285 eV and 287.86-288.46 eV, which can be assigned to
hydrocarbon (C-H) and CO5* ions in Bi,0,COs, respectively (Li et al., 2018). In addition,
the small peak around 284.8-285 eV correspond to adventitious carbon (C-O) (Huang
et al,, 2014). In Figure 4.11(b), Fe 2p XPS spectra have clear peaks which increase with
increasing Fe content, indicating that the Fe doped Bi,0,CO; contain Fe. Moreover,
the high-resolution Fe 2p XPS (Figure 4.9(b)) show two major peaks of Fe 2ps/, and Fe
2p1/,, with spin-orbital splitting of about 13.9 eV, and two peaks can be assigned to
Fe**. Each major peak can be deconvoluted into two types of Fe bonding, observed
at the binding energies 711.2 - 711.4 and 725.0 - 725.2 eV for Fe** and 709.7 - 709.9
and 723.1 - 723.3 eV for Fe?*, which indicates the coexisted oxidation states of Fe>*/Fe?*
at the surface of Fe added samples (Dutta et al.,, 2020). It is noted that the binding
energies of Fe**in Fe-added samples are similar to the previously reported values of
Fe®* in Bi,0,CO5 crystal lattice (Li et al., 2018). Fe?* and parts of Fe®* most likely belong
to the FeO, phase, in agreement with the previously discussed results.

Figure 4.11(c) demonstrate two peaks of Bi 4f,, and Bi 4f;, XPS spectra at
binding energy of 158.5-158.8 eV and 163.8-164.1 eV, respectively, with spin-orbital
splitting of about 5.3 eV, which corresponded to Bi** ions (Li et al., 2018). By Fe doping,
these peaks shifted to lower binding energy, indicating Bi** ions were reduced by Fe.
In case of BF75, two types of Bi bonding were observed at the binding energies at 163.1
and 157.86 eV occurred Bi 4fs,, and Bi 4f;,, of Bi*" state and 164.07 and 158.75 eV
occurred Bi 4fs,, and Bi 4f;,, of Bi** state. The two sets of peaks represent Bi in different
environments. Bi in Bi,O,CO5 crystal lattice has higher binding energy. On the other

hand, oxygen sharing between Bi,0,CO; and FeO, would lead to electron migration
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from Fe to Bi across Fe-O-Bi bond since Fe has lower electronegativity than Bi (Li and
Xue, 2006). As a result, Bi at Fe-O-Bi bond would have a lower binding energy. The O
1s XPS spectra of all samples contained three main peaks (Figure 4.11(d)). First, the
peaks of around 529.1-529.47 correspond to O bonded with Bi/Fe in the lattice. The
second peaks at around 530.1-530.5 eV can be assigned to C in the lattice and
adventitious C such as C-O and C=0 (Huang et al., 2014). And, the third peaks of around
532.2-532.5 eV can be referred to O adsorbed species such as O, and H,O
(Jiamprasertboon et al., 2017).
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Figure 4.11 XPS spectra of all samples at core levels of (a) C 1s, (b) Fe 2p, (c) Bi 4f
and (d) O 1s.
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4.3  Optical property and photocatalytic property

The optical properties of Bi,0,CO5; and Fe doping samples were characterized
by UV-Vis diffused reflectance spectra (UV-vis DRS). As shown in Figure 4.12, Bi,O,CO;
has absorption in UV light regions which shifts to visible light regions with increasing
amounts of Fe doping. This indicates that Fe doping improves light absorption from
UV light to UV-vis light. The red shift in UV-Vis absorption edge of Fe added Bi,O,CO,
are caused by both Fe doping which significantly decreases band gap energy of
Bi,O,CO5 and the presence of FeO, amorphous (Hu et al.,, 2014; Li et al,, 2018). It is
noted that band gap energies of FeO, phases are about 2 eV (Kurien et al, 2017;
Mohanraj and Sivakumar, 2017; Seki, 2018; Sulania et al., 2016; Sultana et al., 2018),

which results in the significantly increased light absorption in Fe added samples.
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Figure 4.12 UV-Vis absorption spectra.

The photocatalytic activity of Bi,0,CO; and different Fe-doped Bi,O,COs;
samples were evaluated by photodegradation of tetracyclines under visible light
irradiation. As shown in Figure 4.1(a), the degradation of tetracycline over BFO0, BF05,
BF15, BF40 and BF75 are 28%, 31%, 37%, 33% and 62%, respectively. In the case of
BF85, the photodegradation of TC had degraded as well as BF75, while the
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photodegradation activity of BF100 had decrease (Figure 4.13(b)), indicating that the
photodegradation activity of Fe doped Bi,O,CO5; was limited at 75 mol% Fe content.
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Figure 4.13 The photocatalytic activity of tetracycline degradation of 5 main samples

(a) BF85 and BF100 (b).
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Thus, 75mol% Fe addition can improve photocatalytic activity of Bi,O,CO; and
shows the highest photocatalytic activity with TC photodegradation at 62%, which is
about 2.2 times of activity of the pristine Bi,O,CO; (BF00). The photodegradation rate

is also investigated by the pseudo first order kinetics using the equation.
ln(CO/Ct) = kappt

where C, is initial tetracycline concentration (mg/L), C; is tetracycline
concentration at time t, (mg/L), and Ky, is the rate constant of apparent pseudo first
order reaction (min™). As summarized in Figure 4.14, BF75 has the highest rate constant
of about 0.011 min™, which is almost three times higher than that of the pristine

Bi,0,CO5.

0.014

0.012

0.01075

0.010 +

0.008

0.006

0.00512

K,pp (Min™)

0.00413 BEW45

0.004

0.002

BF00 BF05 BF15 BF40 BF75

Figure 4.14 The rate constants of apparent pseudo first order reaction.

It is well known that photocatalytic activity is directly related with several
factors. The most obvious factor in this work is the reduction in band gap energy. The
high light absorption of BF75 increases its ability to generate electron-hole pairs and
consequently improves the photocatalytic activity. In addition, the adsorption capacity

of tetracycline molecules on the catalysts surface also influences the photocatalytic
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performance. In the dark (Figure 4.13(a), light off range), BF75 also shows the highest
adsorption, which improves that the degradation efficiency. Moreover, separation and
migration of photogenerated carriers are also crucial factors in photocatalysis. We use
photoluminescence (PL) measurement to investigate the electron-hole pair

recombination.

In the general, photoluminescence (PL) spectra are study the efficiency of
charge carrier trapping, transfer and recombination degree of the photogeneration
electrons and holes (Tian et al.,, 2013). PL intensity probes separation efficiency of
electron-hole pairs, the low PL intensity means high separation efficiency of electron-
hole pairs (Alvarez et al., 2019; Huang et al., 2015). As shown in Figure 4.15, the Fe-
doped Bi,0,LO; samples show lower PL intensity comparing to BFOO sample, which
suggests that the Fe-doped Bi,O,CO; samples have improved separation efficiency of
charge carriers. Obviously, the BF75 demonstrates the highest separation efficiency of

charge carriers.
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Figure 4.15 The photoluminescence properties of the samples.
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Interestingly, it was previously concluded that high Fe content in the lattice
results in a decreased activity as Fe could act as recombination centers (Li et al., 2018).
In this work, we see the continued improvement of carrier separation even in samples
with high Fe content. Thus, FeO, phase must have additional roles in reducing carrier
recombination here. FeO, is often used as a cocatalyst in photocatalysis. The catalysts
modified with FeO, display more light absorption ability and more charge carrier

generation, leading to higher efficiencies (Liu et al., 2022; Sottys-Mr oz et al., 2021).

In order to understand the photocatalytic mechanism of FeO,/Fe-Bi,0,COs,
isopropanol (IPA), sodium oxalate (Na,C,04), and benzoquinone (BQ) were used as
hydroxyl radical («OH), hole (h*) and superoxide radical (O,™) scavengers, respectively
(Zhang et al., 2016). The inhibition of tetracycline photocatalytic degradation over BF75
in the presence of different scavengers is shown in Figure 4.16. The percentages of
inhibition after 90 min are 2.07%, 11.28%, and 41.19% when IPA, Na,C,O, and BQ are
added, respectively. This result indicated that superoxide radical (O,7) is the main
active species for tetracycline photodegradation over BF75 under visible light
irradiation. On the other hand, photoexcited hole (h*) and hydroxyl radicals («OH) are

the minor active species in this process.

50

Inhibition of TC photocatalytic degradation (%)

IPA Nazcz(:)4 BQ

Figure 4.16 The inhibition of tetracycline photocatalytic degradation over BF75 in the

presence of different scavengers under visible light irradiation.
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This result is interesting because the previous reports have shown that the main
active species in dye degradation of Bi,0,CO; with {001} exposed facet is holes, not
superoxide radical (Yang et al., 2016; Yang et al., 2020; Zhang et al., 2016). The different
active species as obtained here indicate that FeO, plays some roles in altering the
active species generation and hence the photocatalytic degradation mechanism. The
photocatalytic mechanism of FeO,/Fe-Bi,0,CO; is proposed as summarized in Figure
4.17. Adding Fe both replaces parts of Bi in the lattice and forms amorphous FeO, as
co-catalysts, which cause a red shift on the optical absorption edge. Under visible light
irradiation, the conduction and valence bands of Fe-doped Bi,O,CO; create more
photoexcited electrons-holes pairs. FeO, containing Fe (lll) act as a cocatalyst which
traps the photogenerated electrons and reduces carrier recombination as proven from
the significantly lower PL intensity in Fe-Bi,0,CO; samples (Cheng et al., 2016; Liu et
al., 2016; Wang et al., 2014). Once Fe(lll) traps electrons, it is reduced to Fe(ll), which
then generates O, (the redox potential of O,/O,~ (-0.13 V vs NHE)) and changes back
to Fe® (Li et al., 2022; McBain, 1901). As a result, more oxidizing radicals are generated
and can participate in tetracycline degradation. Moreover, electrons in the valence
band of Fe doped Bi,0,CO; can be excited directly to FeO, through the interfacial
charge transfer (IFCT) process (Liu et al., 2016; Qiu et al.,, 2010; Yu et al., 2010). This
process also contributes to the increased light absorption in visible region of the Fe-

added samples (Figure 4.12).

Degrade
TC

H,O/OH- OH‘C

Figure 4.17 A schematic diagram of the photocatalytic mechanism of FeO,/Fe-

Bi,O,CO5 system.
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Another FeO, phase containing Fe (Il) might also act as hole trapping centers
(Rao et al,, 2017; Shoneye and Tang, 2020). Holes are created in the valence band of
Fe-Bi,0,CO; and transfer to FeO, phase which oxidize Fe (Il) to Fe (ll), which further
benefits the electrons-holes separation. However, Fe*'/Fe** cycle reduce the
formation of OHe and holes (h*) as the redox potential of Fe**/Fe?* (+0.77 V vs NHE) is
less negative than those of H,O/ OHs (+2.73 V vs NHE) and OH/OHe (+1.99 V vs NHE)
(Ding et al,, 2021; Li et al., 2022). As a result, both OHe and h* are only minor active
species in this work. Note that the small quantity of OHe and h* as shown in Figure
4.10a could be created via valence band without going through FeO, nanocluster. In
summary, the process of tetracycline photodegradation by the coupling system of

FeO,/Fe-Bi,O,CO5is as follows:
FeO,/Fe-Bi,O,COs+ hV (Visible) —  FeO,/Fe-Bi,0,CO;3 (e g+ h*yp) (1)
O Conduction band
Fe* + ep — \ Ye? (2)
Fe?* + O, — O, + Fe? (3)

O Valence band

e+ Fe* T\ e
h*yg + Fe?* —  Fe’* (4)
h+VB + HQO/OHi v e OH' (5)

(HOe + Oge- + htyp)+ TC —>  degraded (6)
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CHAPTER V
CONCLUSION

FeO,/Fe-Bi,O,CO5 photocatalysts were successfully prepared via a simple
hydrothermal method by adding Fe ion during the hydrothermal process. The excess
Fe ions form FeO, nanoparticles while another part of Fe could incorporate into
Bi,O,CO; lattice forming FeO,/Fe-Bi,O,CO; composites. The effects of Fe addition on a
preferred orientation and optical property of the samples are significant. Fe in the
lattice reduces the surface energy of (002) facet which caused preferred growth of the
facet as clearly seen from the increased |, in the XRD pattern. As {001} facets enable
good carriers’” separation, the higher portion of this facets in Fe added samples and Fe
doping also increase light absorption to a visible region and thus carriers’ generation,
which that improved catalytic activity. Moreover, the deposited FeO, containing both
Fe (II) and Fe (lll) act as cocatalysts and enhances carrier’s generation via an interfacial
charge transfer. By trapping the generated electron-hole pairs, charge recombination
of the catalysts is significantly reduced as confirmed by the much lower PL intensity.
Therefore, FeO,/Fe-Bi,0,CO; with 75 mol% Fe addition exhibit two to three times
higher tetracycline degradation efficiency comparing to the pristine Bi,0,COs. Thus, this
work has shown that a combination of Fe doping and FeO, deposition can effectively

enhance the photocatalytic activities.
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APPENDIX A
CALCULATION: BULK AND SURFACE MODELS FOR SURFACE
ENERGY CALCULATIONS

1. Geometric structure optimization

We optimized the unit cell of Bi,O,CO5 as shown in Figure A-1. The optimized
Bi,0,CO; structure has lattice constant of 3.61 A, 4.41 A and 13.75 A for a, b and ¢

direction, respectively, containing 4 Bi atoms, 2 C atoms and 10 O atoms.

Figure A-1 The optimized geometric structure of Bi,O,CO5;. The magenta, red and

grey sphere represent Bi, O and C atom, respectively.
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For BiFeO,COs;, we varied position of 2 Fe atoms substitute that of Bi atoms in
Bi,O,CO; structure. Six configurations of BiFeO,COs;, as shown in Figure A-2, was
consider. The most stable of BiFeO,CO; configuration is config2 and config5, as shown
in relative energy plot in Figure A-3. The config2 and config5 of BiFeO,CO; structure

show alternating layers between BiO, FeO and CO5 layers.

configl config2 config3

configd config5 configb
Figure A-2 All configuration of 50 mol% of Fe-doped in Bi,O,CO5 structure.
The magenta, brown, red and grey sphere represent Bi, Fe, O

and C atom, respectively.
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Figure A-3 The relative total energy of all BiFeO,CO; configuration.
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2. Surface energy calculation

For Bi,0,CO5 (002) slab model, we consider two configurations as illustrated in
Figure A-4. These two slab models used two unit of the bulk Bi,O,CO; structure that
contain 8 Bi atoms, 4 C atoms and 20 O atoms with the surface area of 15.940 A% The

total energy and surface formation energy were listed in Table A-1.

20 A

(b)

20A

B

Figure A-4 Bi,O,CO; (002) slab model. (a) surface configuration No.1. (b) surface
configuration No.2. The black solid line represents the unit cell of slab model.

The magenta, red and grey sphere represent Bi, O and C atom, respectively.



Table A-1 Total energy,

structure.
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surface area and surface formation energy of Bi,O,COs;

E (eV) Area (A?) E.uface (€V/A?)
bulk -102.628 - -
(002) configl -202.605 15.940 0.166
(002) config2 -200.181 15.940 0.318

To study the surface (002) of for BiFeO,CO; structure, the most stable

configuration No.5 of bulk BiFeO,CO; structure was selected to build a slab model.

Four configurations of BiFeO,C0O4(002) were optimized. The BiFeO,C0O5(002) slab model

exhibits the surface area of 15.846 A%, The total energy and surface formation energy

was shown in Table A-2.

Figure A-5 four configurations of BiFeO,C0O5(002) slab model. Configuration No.1, 2, 3

and 4 reflexed in (a), (b), (c) and (d), respectively. The magenta, brown,

red and grey sphere represent B, Fe, O and C atom, respectively.



Table A-2 Total energy, surface area and surface formation energy of BiFeO,CO;

structure.
E (eV) Area (A% Eouface (€V/A?)
bulk -109.868
(002) configl -327.308 15.846 0.145
(002) config2 -324.934 15.846 0.295
(002) config3 -328.889 15.846 0.045

(002) configd -325.196 15.846 0.278




Name
DATE of Birth

Address

Education

2015-2019

2020-present

CURRICULUM VITAE

Chaniphon Sunkhunthod
25" August 1996

213 Prajak Raod, Nai-Muang Sub-district, Muang District,
Nakhonratchasima 30000

B.Sc. (Chemistry), Kasetsart University Sriracha Campus,

Thailand

Student in M.Sc. Program in Chemistry, Suranaree University of

Technology, Thailand



	Cover
	Approved
	Abstract
	Acknowledgement
	Content
	Chapter1
	Chapter2
	Chapter3
	Chapter4
	Chapter5
	Appendix
	Biography



